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Introduction 


The  subject  of  this  research  was  the  mechanism  of  p53-mediated  tumor  suppression  and  therapy 
sensitization,  and  the  potential  of  p53  gene  transfer,  alone  or  in  combination  with  conventional 
therapy  or  other  gene-based  approaches,  to  treat  breast  cancer,  a  disease  in  which  p53  abnormalities 
occur  in  about  25-40%  of  cases.  Inactivation  of  the  p53-mediated  pathway  of  apoptosis  through 
loss  of  wild-type  p53  expression  or  other  components  of  the  pathway  is  probably  fundamental  to  the 
mechanism  of  cancer.  Because  the  pathway  may  be  a  particularly  vulnerable  step  in  cancer  cell 
metabolism,  but  may  have  negligible  consequences  for  normal  cells,  it  provides  an  opportunity  for 
developing  non-toxic  therapeutic  interventions  selective  for  cancer  cells.  The  study  was  based  on 
evidence  from  our  own  laboratory  and  those  of  others  that  p53  gene  transfer  dramatically  improved 
the  response  of  cancer  cells  to  traditional  therapies.  This  property  of  p53  has  now  been  exploited 
therapeutically  and  is  in  an  advanced  stage  of  clinical  development,  with  several  Phase  I  and  II  trials 
of  p5  3 -based  approaches  for  various  cancers,  including  breast  cancer,  in  progress  or  completed. 

The  purpose  of  our  study  was  to  examine  the  efficacy  of  p53-based  approaches  to  breast  cancer, 
including  combination  approaches  that  used  p53  together  with  conventional  DNA  damaging 
therapies  such  as  doxorubicin  (adriamycin)  and  cisplatin,  and/or  inhibitors  of  DNA  repair.  The 
study  focused  on  the  involvement  of  p53  in  the  cellular  DNA  damage  response,  and  proposed  that 
by  exploiting  the  role  of  p53  in  DNA  damage  recognition  and  damage-induced  apoptosis  we  could 
potentiate  the  therapeutic  efficacy  of  p53-based  therapies.  The  underlying  hypothesis  we  set  out  to 
test  is  illustrated  in  the  scheme  below: 

Low  damage  - ! - ^  moderate  damage  — 

±p53^  -p53|^  ^+p53 

cell  cell  cell  death 

proliferation  proliferation 

We  hypothesized  that  the  level  of  DNA  damage  would  be  a  critical  determinant  of  p53-mediated 
apoptosis.  Thus,  at  low  levels  of  endogenous  DNA  damage  (DNA  strand  breaks,  abnormal  DNA 
structures  such  as  insertion-deletion  loops)  characteristic  of  tumor  cells  with  unstable  genomes,  p53 
expression  would  be  compatible  with  cell  survival.  At  moderate  levels  of  DNA  damage  (step  1, 
achieved  through  treatment  with  DNA  damaging  chemotherapeutic  drugs  or  through  inhibition  of 
DNA  repair)  p53  expression  becomes  incompatible  with  survival  and  apoptosis  is  indueed.  At 
higher  levels  of  DNA  damage  (step  2,  achieved  by  a  combination  of  DNA  damage  induction  and 
inhibition  of  DNA  repair),  cells  will  die  irrespective  of  p53  status.  Based  on  earlier  work  from 
other  laboratories  implicating  the  AP-1  transcription  factor  in  DNA  repair  and  in  the  cellular 
response  to  DNA  damaging  drugs  such  as  cisplatin  (1,  2),  we  hypothesized  that  inhibition  of  Jun 
Kinase  pathway  would  promote  p53-mediated  apoptosis  and  contribute  to  the  therapy  response. 
Because  this  pathway  targets  AP-1  regulated  genes. 

In  order  to  test  this  hypothesis  and  to  better  understand  the  involvement  of  p53  in  the  therapy 
response  we  proposed  to  generalize  our  initial  observations  to  other  breast  cancer  eell  lines  of 
defined  p53  status  and  to  a  variety  of  drugs  acting  through  different  mechanisms.  We  proposed 
mechanistic  studies  to  elucidate  the  molecular  basis  for  therapy  sensitization.  In  addition,  we 


>.  high  damage 
|±p53 

cell  death 
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proposed  a  novel  strategy,  in  which  p53  gene  replacement  would  be  used  in  combination  with  one 
of  two  approaches  to  inhibit  AP-1  regulated  gene  expression:  through  modification  with  a  non- 
phosphorylatable  mutant  of  c-Jun  (mutant  Jun)  to  inhibit  c-Jun  downstream  targets  (including  AP-1 
regulated  genes),  or  by  treatment  with  AP-1  inhibitory  retinoids.  Finally,  in  order  to  evaluate  the 
clinical  potential  of  p53  combination  approaches,  we  proposed  to  use  several  nude  mouse  models 
for  human  breast  cancer. 

Body  of  Report 


Described  below  are  the  research  accomplishments  associated  with  each  task  outlined  in  the 
Statement  of  Work. 

Technical  Objective  I:  In  vitro  drug  and  radiation  sensitivity  studies. 

Task  1:  Evaluate  the  sensitivity  of  various  breast  carcinoma  cells  lines  to  various  drugs  and 
radiation.  In  order  to  understand  the  scope  of  the  p53-mediated  therapy  sensitization  effect  breast 
cancer  cell  lines  of  varying  p53  status  were  assayed  for  sensitivity  to  ectopic  wild- type  p53 
expression  in  the  presence  and  absence  of  various  treatments.  Cell  lines  were  chosen  so  as  to 
represent  p53  mutants  with  dominant-negative  effects  over  wild-type  p53  (codon  280  mutation  (3)), 
and  mutants  for  which  dominant-negative  effects  have  not  been  described  (codons  194,  266). 
Because  many  of  the  p53  mutants  in  human  cancers  may  be  dominant-negative  mutants,  such  an 
analysis  would  have  relevance  to  the  clinical  application  of  p5  3 -based  therapies  for  a  wide  range  of 
cancers.  The  cell  lines  analyzed  are  listed  in  Table  1  and  the  treatments  are  listed  in  Table  2. 


Table  I 


p53  status  of  breast  caneer  cell  lines 


Cell  line 

P53  status 

Dominant-negative  mutation 

T47D 

Mutant:  codon  194  (CTT  (leu)  ->  TTT  (phe))“ 

no 

MCF7 

Wild-type’’ 

MDA  MB  23 1 

Mutant:  codon  280  (AGA  (arg)  ->  AAA  (lys))” 

Yes'* 

MDA  MB  435 

Mutant:  codon  266  (GGA  (gly)  ->  GAA  (glu))' 

no 

a)  see  http://www.iarc.fr/p53/;  b)  Cai,  Z.,  et  al  (1997)  Oncogene  15;  2817;  c)  Lesoon-wood,  et  al  (1994) 
Hum  Gene  Therapy  6:  395;  d)  Brachman  et  al  (1996)  Proc  Natl  Acad  Sci  93:  4091. 


Table  2 


Mechanism  of  action  of  various  chemotherapeutic  drugs 


Chemotherapeutic  drug 

Mechanism  of  action 

cisplatin 

Doxorubicin  (adriamycin) 

5-fluorouracil 

taxotere 

DNA  damage  (primarily  bifunctional  adducts) 

Multiple  modes,  including  DNA  damage  (double  strand  breaks) 
Multiple  modes,  including  DNA  damage 

Microtubule  inhibitor  (antimitotic) 

In  order  to  assay  how  ectopic  expression  of  p53  affects  the  response  of  these  cell  lines  to 
chemotherapeutic  drugs,  we  used  a  p53  adenovirus  (Adp53)  and  eontrol  adenovirus  (expressing 
either  luciferase  (AdLuc)  or  B-galactosidase  (Ad-Bgal)).  The  viruses  were  supplied  by  Introgen 
Therapeutics,  Inc.  Adenovirus-mediated  gene  transfer  was  chosen  for  its  unparalled  gene  transfer 
efficiency,  and  for  its  promise  as  a  clinical  tool  to  achieve  gene  transfer  in  vivo.  The  in  vitro  assays 
were  carried  out  in  a  96  well  format,  as  we  have  previously  described  (4).  Briefly,  cells  were  plated 
in  24  well  plates  on  day  1  such  that  their  density  would  be  about  70%  on  day  2,  a  density  where  we 
observed  optimal  viral  infection  efficiencies.  On  day  2,  cells  were  treated  with  sufficient  Adp53  to 
achieve  a  30%  -  50%  reduetion  in  cell  viability  at  5  days  (as  determined  in  pilot  assays).  For  the 
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cell  lines  we  used,  this  ranged  from  100  -  200  pfu  of  virus  for  3-4  hours.  After  treatment  with 
virus,  cells  were  replated  in  96  well  plates  at  1000  cells  per  well,  a  density  low  enough  to  ensure 
that  control  (non-drug  treated)  wells  would  remain  subconfluent  during  the  subsequent  5  days  of 
incubation.  On  day  3,  successive  row  of  cells  (quadruplicate  wells  in  each  row)  were  treated  with 
increasing  concentrations  of  drug  as  follows:  cisplatin  (0-50  pM,  1  hour),  doxorubicin  (0-1  pM,  4 
hours),  5-fluorouracil  (0-20  pM,  1  hr),  taxotere  (0-0.1  pM,  1  hr).  After  treatment,  medium  was 
replaced,  and  cells  were  allowed  to  incubate  an  additional  5  days.  Viability  was  determined  by  the 
MTS  assay,  which  measures  the  bioconversion  of  a  formazan  compound  to  a  colored  derivative, 
detectable  by  measuring  absorbance  at  540  nm.  For  each  vector  treatment,  the  viability  of  drug 
treated  rows  was  expressed  as  a  percentage  of  the  viability  in  non-drug  treated  rows.  Thus  an 
additive  effect  of  Adp53  and  drug  would  result  in  AdLuc  and  Adp53  viability  curves  that 
overlapped,  while  a  greater  than  additive  effect  of  Ad  p53  and  drug  would  result  in  an  Adp53  curve 
that  fell  below  the  AdLuc  viability  curve.  An  example  of  a  greater  than  additive  effect  is  illustrated 
in  Figure  lA  below,  where  T47D  cells  were  treated  with  Adp53  or  AdBgal  together  with  the  DNA 
damaging  drug,  cisplatin. 


A 


cisplatin  sensitivity 


0  to  20  30 


pM  cisplatin 


B 


120  -| 


Docetaxel  sensitivity 
T47D 


60  - 
40  - 

20  -j 


O.OOt  0.01  0-1 

pM  docetaxel 


Figure  1.  96-well  viability  assay  (see  text)  of  T47D 
cells  treated  with  Adp53  or  Ad(i-gal  (100  pfu/cell  3 
hours)  followed  by  treatment  with  (A)  cisplatin  or  (B) 
taxotere  (docetaxel)  at  the  indicated  doses  for  1  hour 
or  3  hours,  respectively.  Cells  were  then  incubated  an 
additional  5  days  and  viability  was  scored  by  the  MTS 
assay.  Points  represent  the  average  of  quadruplicate 
wells,  and  are  expressed  as  a  percentage  of  control 
wells  (vector  alone,  no  drug). 


The  greater  than  additive  effect  suggests  a  mechanism  whereby  p53  enhances  the  response  of  the 
tumor  cells  to  DNA  damage.  An  example  of  a  simple  additive  effect  is  illustrated  in  Figure  IB, 
where  T47D  cells  were  treated  with  Adp53  and  the  microtubule  inhibitor,  taxotere  (docetaxel).  The 
simple  additivity  suggests  p53  and  taxotere  kill  cells  through  independent  mechanisms  that  do  not 
interfere.  Table  3  summarizes  the  results  of  these  and  other  assays.  The  results  show  that  ectopic 
over  expression  of  wild-type  p53  in  breast  cancer  cells  following  treatment  with  a  p53  adenovirus, 
sensitizes  these  cells  to  a  variety  of  DNA  damaging  treatments,  irrespective  of  endogenous  mutant 
p53  status.  These  results  are  consistent  with  earlier  results  with  U.V.  and  ionizing  radiation,  which 
result  in  DNA  crosslinks  and  double  strand  DNA  breaks,  respectively,  and  suggest  that  wild-type 
p53  is  able  to  trigger  growth  arrest  or  apoptosis  in  tumor  cells  in  response  to  several  different  types 
of  DNA  damage.  In  the  wild-type  p53-expressing  cell  line,  MCF7,  the  effects  observed  were 
additive.  Overall  the  results  support  he  application  of  adenovirus-mediated  gene  transfer  of  p53  to  a 
broad  range  of  tumor  types,  and  suggest  that  the  suppressive  effects  of  p53  would  be  additive  to 
greater  than  additive  with  most  chemotherapies. 

Table  3 

Results  of  viability  assays  testing  the  combination  effects 
of  Adp53  and  various  chemotherapeutic  drugs  in  breast  cancer  cell  lines 


Efficacy  of  drug  combination  with  Adp53* 


Cell  Line'. 

Cisplatin 

Taxotere 

Doxorubicin 

5-fluorouracil 

T47D 

++ 

+ 

-H- 

++ 

MDA  MB  231 

++ 

+ 

++ 

+ 

MCF7 

+ 

+ 

+ 

+ 

MDA  MB  435 

++ 

n.d. 

+ 

++ 

*  ++  (greater  than  additive);  +  (additive);  n.d.  (not  determined) 
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Treatment  of  cells  with  Adp53  results  in  abnormally  high  expression  of  p53  (see  for  example, 
Figure  9,  below),  a  situation  that  may  not  always  be  achieved  In  order  to  determine  how  the  therapy 
response  of  breast  cancer  cells  would  be  affected  by  co-expression  of  wild-type  and  mutant  p53  at 
roughly  similar  levels  of  expression,  we  selected  subclones  of  T47D  cells  stably  modified  with 
wild-type  p53  following  transfection  with  plasmid  vectors  for  constitutive  transgene  expression  or 
with  vectors  for  inducible  transgene  expression,  as  described  in  Progress  Reports  1,2.  The  plasmid 
vector  for  constitutive  expression  was  the  pCEP4  vector  (Invitrogen,  Inc.,  Carlsbad  CA),  which 
does  not  integrate  but  maintains  stable  expression  under  selection  (hygromycin)  by  virtue  of  an 
independent  eucaryotic  origin  of  replication  (EBV  origin).  We  prepared  a  pCEP4  vector  encoding 
wild-type  p53  (pCEPp53),  transduced  T47D  cells,  selected  several  hygromycin  resistant  clones  and 
characterized  them  for  wild-type  p53  expression  by  Western  analysis  and  by  a  CAT  reporter  assay. 
The  reporter  assay  used  the  PG13  plasmid  developed  by  Vogelstein  and  colleagues  in  which 
expression  of  chloramphenicol  acetyltransferease  is  driven  by  an  upstream  wild-type  p53- 
responsive  element.  While  levels  of  total  p53  expression  were  low,  and  although  cell  growth  was 
not  altered,  expression  of  wild-type  p53  could  be  demonstrated  in  one  clone  by  the  reporter  assay. 
In  96  well  growth  assays,  we  found  that  the  wild-type  p53-modified  clone  was  more  sensitive  to 
cisplatin  and  to  5-fluorouracil  than  was  a  control  vector  modified  clone,  but  did  not  show  enhanced 
sensitivity  to  taxotere  (docetaxel),  consistent  with  the  viability  assays  with  Adp53  (Table  3). 

In  order  to  facilitate  the  selection  Of  wild-type  p53-expressing  clones  and  circumvent  the  growth 
disadvantage  of  high  levels  of  wild-type  p53  expression,  we  used  an  inducible  two-vector  system 
(Invitrogen,  Inc.).  In  this  system,  the  p53  transgene  is  cloned  downstream  of  an  ecdysone 
(muristerone)-inducible  promoter,  which  is  under  the  control  of  a  transcription  factor  supplied  by 
the  second  vector.  The  system  offered  the  potential  advantages  of  low  background  expression, 
highly  inducible  expression  following  treatment  with  muristerone,  and  suitability  for  both  in  vitro 
and  in  vivo  studies.  Despite  these  potential  advantages,  we  did  not  find  that  the  system  facilitated 
the  selection  of  clones  stably  modified  with  wild-type  p53.  We  found  that  a  pool  of  wild-type 
p53-expressing  T47D  clones,  as  well  as  one  isolated  clone,  were  able  to  induce  wild-type  p53 
expression  following  treatment  with  1  pM  muristerone,  as  assayed  by  the  PG13CAT  assay.  Levels 
of  induced  expression  were  similar  to  what  had  been  observed  in  the  T47D  clone  modified  with 
pCEPp53.  The  pooled  clones  were  found  to  have  increased  sensitivity  to  cisplatin  following 
treatment  with  muristerone. 

Although  we  used  Adp53  to  carry  out  most  of  the  studies  described  here,  the  work  with  the  stably 
modified  cells  expressing  low  levels  of  wild-type  p53  demonstrated  that  the  sensitization  effect  of 
wild-type  p53  does  not  require  high  levels  of  expression.  Thus,  under  conditions  where  wild-type 
p53  and  mutant  p53  are  expressed  at  roughly  similar  levels,  a  condition  that  might  exist  transiently 
during  tumor  progression,  or  under  treatment  conditions  where  gene  transfer  by  Adp53  was 
inefficient,  the  cell  nevertheless  displays  a  therapy-sensitive  phenotype. 

Technical  Objectives  II,  III.  Mechanistic  Studies. 

Task  2:  Correlate  DNA  damage  levels  with  sensitivity  to  p53-mediated  effects,  using  DNA 
damage  assays.  The  results  of  the  viability  assays  carried  out  in  task  1  show  that  p53  sensitizes 
tumor  cells  to  DNA  damaging  chemotherapeutic  agents  and  DNA  damaging  radiation,  but  not  to 
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taxotere,  whose  primary  target  is  the  mitotic  apparatus  rather  than  DNA.  This  supports  our 
hypothesis  that  the  level  of  DNA  damage  is  a  key  determinant  of  p53-mediated  apoptosis. 

To  obtain  further  support  for  this  hypothesis,  we  made  use  of  a  series  of  cells  lines  (derived  from 
T98G  glioblastoma  cells)  with  a  specific  disruption  in  the  Jun  Kinase  pathway  that  results  in  an 
altered  DNA  damage  response,  decreased  DNA  repair,  increased  genome  instability,  and  increased 
levels  of  endogenous  DNA  damage  (4,  5).  The  cell  lines  enabled  us  to  explore  how  levels  of 
endogenous  DNA  damage  contribute  to  p53-mediated  apoptosis,  and  how  we  might  exploit 
inhibition  of  the  Jun  Kinase  pathway  in  combination  with  p53  to  achieve  increased  apoptosis. 
Consistent  with  our  hypothesis,  these  cell  lines  with  a  defective  Jun  Kinase  response  pathway  were 
also  more  sensitive  to  p53-mediated  apoptosis.  The  results  are  presented  in  detail  in  a  published 
manuscript  (reference  (4),  attached),  and  are  summarized  here. 

Disruption  of  the  Jun  Kinase  pathway.  To  disrupt  the  Jun  Kinase  pathway,  one  of  the  key  cellular 
DNA-damage  response  pathways,  the  cells  were  modified  with  a  non-phosphorylatable  mutant  of 
the  c-Jun  transcription  factor.  c-Jun  is  a  component  if  the  heterodimeric  AP-1  transcription 
complex  (jun/fos)  and  the  Jun/ATF2  transcription  complex.  Activation  of  these  transcription 
complexes  occurs  when  c-Jun  undergoes  N-terminal  phosphorylation  (on  serines  63  and  73)  by  Jun 
Kinase  in  response  to  DNA  damage  (including  damage  caused  by  cisplatin).  Although  the 
molecular  consequences  of  this  activation  are  not  fully  understood,  it  is  clear  from  our  work  that  the 
pathway  is  critical  in  promoting  survival  following  DNA  damage,  and  is  required  for  DNA  repair. 

The  nonphosphorylatable  c-Jun  mutant  has  alanine  substitutions  at  positions  63  and  73  and 
therefore  fails  to  be  modified  in  response  to  DNA  damage.  However,  because  the  mutant  can  still 
enter  into  complexes  with  its  heterodimeric  partner,  it  competes  with  c-Jun  and  acts  as  a  dominant¬ 
negative  inhibitor  of  c-Jun  downstream  targets.  T98G  glioblastoma  cells  that  express  mutant  Jun 
(verified  by  Western  analysis  of  total  Jun,  see  reference  (4))  have  an  increased  sensitivity  to  the 
DNA  damaging  drug  cisplatin  that  correlates  with  an  inability  to  repair  DNA  (5),  suggesting  that  c- 
Jun  downstream  targets  (including  AP-1  regulated  genes)  might  be  involved  in  promoting  DNA 
repair  and  survival  following  DNA  damage.  We  have  extended  this  observation  to  MDA  MB  231 
breast  cancer  cells  modified  with  retroviral  vectors  as  discussed  in  Progress  Report  #4.  In  addition, 
we  have  shown  that  MDA  MB  23 1  breast  cancer  cells  modified  with  a  c-Jun  antisense  vector  have  a 
similar  defect  in  repair  of  DNA  damage.  In  all  cases,  expression  of  the  transgene  (c-Jun,  m-Jun,  c- 
Jun  antisense)  was  confirmed  by  Western  analysis  of  total  Jun.  Finally,  we  have  shown  that  cells 
treated  with  dicoumarol,  an  inhibitor  of  Jun  Kinase  activation,  also  prevents  repair  of  DNA  damage. 
The  results  of  the  viability  assays  and  DNA  repair  assays  of  T98G  cells  and  MDA  MB  231  cells  are 
shown  in  Figure  2.  Together,  these  results  argue  for  an  important  role  for  the  Jun  Kinase  pathway  in 
the  survival  response  to  DNA  damage  via  an  effect  on  DNA  repair,  and  provide  evidence  that  the 
mutant  Jun  modification  enhances  p53-mediated  apoptosis  through  an  effect  on  DNA  repair. 

Analysis  of  DNA  repair  in  cells  with  disruptions  in  the  Jun  Kinase  pathway.  We  have  analyzed 
DNA  repair  by  two  methods,  a  host  cell  reactivation  assay  and  a  PCR-stop  assay,  described  in 
Progress  Report  #1.  The  PCR-stop  assay  has  also  been  described  in  detail  in  our  publications 
(references  (4,  6),  attached).  The  host  cell  reactivation  assay  measures  the  ability  of  transfected  cells 
to  restore  activity  of  a  reporter  plasmid  that  has  been  damaged  ex-vivo  by  treatment  with  cisplatin. 
A  drawback  of  the  assay  is  that  it  measures  only  repair  of  an  exogenous  fragment  of  plasmid  DNA, 
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rather  than  nuclear  repair  of  genomic  DNA  in  chromatin.  The  PCR-stop  assay  has  the  advantage  of 
measuring  damage  on  a  genomic  region  of  DNA  in  chromatin,  and  may  therefore  more  accurately 
reflect  cellular  DNA  repair  activity.  Although  we  have  found  similar  results  with  both  assays  when 
we  have  compared  them,  we  have  chosen  to  rely  on  the  PCR-stop  assay  for  the  analyses  shown  in 
Figure  2.  Briefly,  the  assay  is  based  on  the  observation  that  platinum  adducts  block  the  progression 
of  the  Taq  polymerase  used  for  PCR  amplification.  By  amplifying  quantitatively  a  rather  large 
fragment  of  DNA  (in  our  case,  a  2.7  Kb  fragment  of  the  HPRTase  gene),  we  are  able  to  detect  a 
marked  difference  in  the  PCR  signal  strength  between  genomic  DNAs  prepared  from  control  cells 
and  cisplatin-treated  cells.  The  recovery  of  the  PCR  signal  as  a  function  of  time  following  cisplatin 
treatment  provides  a  measure  of  DNA  repair  capacity.  As  shown  in  Figure  2,  disruption  of  the  Jun 
Kinase  pathway  following  modification  with  mutant  Jun,  with  c-Jun  antisense,  or  with  dicoumarol, 
leads  to  an  inhibition  of  DNA  repair  that  correlates  with  decreased  survival  following  cisplatin 
treatment. 


A  B 


C 


0  20  40  60  80  100 


fjM  cisplatin 


Sensitization  ofMDA'MB'231  breast  cancer  cells 
to  cisplatin  by  m-Jun  and  c-Jun  antisense 


0  S  10  IS  20  25  30 

pM  cisplatin 


Figure  2.  PCR-stop  DNA  repair  assays  (A-C)  and  viability  assays  (D,E)  of  T98G  cells  and  MDA  MB  231  cells  following 
treatment  with  cisplatin.  Cells  were  treated  1  hour  with  100  pM,  200  pM,  or  300  pM  cisplatin,  respectively  in  A,  B,  C.  Cisplatin 
treatment  conditions  were  chosen  empirically  to  provide  a  sufficiently  high  level  of  damage  to  be  detectable  in  the  DNA 
damage  assay.  Bars  represent  the  PCR  signal  strength  relative  to  undamaged  genomic  DNA.  Viability  assays  in  D,  E  were 
carried  out  in  96  well  plates  as  described  for  task  1,  and  represent  viability  remaining  5  days  post  treatment  (1  hour 
treatment).  Each  point  is  the  average  of  quadruplicate  wells. 


Evidence  that  mutant  Jun-modified  cells  have  elevated  levels  of  endogenous  DNA  damage.  Certain 
types  of  DNA  repair  defects  contribute  to  increased  genome  instability  (7,  8).  We  examined  the 
T98G  clones  described  above  for  DHFR  gene  amplification,  one  measure  of  genome  instability. 
T98G  cells  were  plated  in  the  presence  of  concentrations  of  methotrexate  5  times  the  LD50  and  9 
times  the  LD50  determined  for  these  cells,  i.e.,  concentrations  at  which  gene  amplification  of 
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‘  DHFR  is  known  to  be  the  predominant  mechanism  of  resistance  to  the  cytocidal  effects  of 
methotrexate  (9,  10).  Thus  the  frequencies  of  appearance  of  methotrexate-resistant  clones  is  a 
measure  of  genome  instability.  As  shown  in  Table  4,  T98G  mutant  Jun  clone  I- 10- 10  produces 
methotrexate  resistant  colonies  at  about  20  times  the  frequency  of  the  parental  T98G  cells,  and 
T98G  mutant  Jun  clone  1-10-6  produces  methotrexate  resistant  colonies  at  about  80  times  the 
frequency  of  parental  T98G  cells  (p=0.006).  In  contrast,  stable  expression  of  wild-type  c-Jun  had 
no  effect  on  the  frequency  of  resistance  indicating  strongly  that  interference  with  a  phosphorylation- 
dependent  function  of  c-Jun  predisposed  cells  to  form  resistant  colonies. 

In  order  to  verify  the  occurrence  of  gene  amplification  in  methotrexate  resistant  colonies,  several 
colonies  were  picked  from  each  selection  condition  and  expanded.  Genomic  DNA  was  prepared 
and  subjected  to  quantitative  PCR  analysis  using  ^^P-labeled  primers  that  define  a  270  base 
fragment  of  the  DHFR  gene  which  includes  part  of  exon  1  and  intron  A.  PCR  products  were 
analyzed  by  agarose  gel  electrophoresis  and  quantitated  by  radioanalytic  imaging  as  described  in 
Material  and  Methods.  The  relative  increase  in  PCR  product  from  cellular  DNA  of  methotrexate- 
resistant  cells  compared  to  unselected  parental  T98G  cells  was  taken  as  a  measure  of  the  increased 
copy  number  of  the  DHFR  gene  and  is  indicated  in  Table  4  (last  column).  The  methotrexate 
resistant  clones  derived  from  T98G  mutant  Jun  expressing  clones  have  from  2  to  4  times  the  gene 
dosage  of  the  DHFR  gene  relative  to  parental  T98G  cells,  indicating  that  the  observed  methotrexate 
resistance  reflected  an  increased  DHFR  gene  copy  number.  We  conclude  therefore,  that  inhibition 
of  DNA  repair  by  mutant  Jun  in  T98G  glioblastoma  cells  leads  to  accumulated  DNA  damage  which 
can  promote  gene  amplification. 


Table  4. 

Frequency  of  methotrexate(MTX)-resistant  colonies  in  T98G  cells  and  in  cJun  and  dn-Jun-modified  cells. 

Cell  were  plated  at  a  density  of  10*  cells  per  10-cm  culture  dish  and  allowed  to  4  weeks  in  the  presence  of 
methotrexate  at  the  indicated  concentrations.  Plates  were  then  stained  with  70%  methylene  blue  in  methanol  and 
colonies  were  counted.  For  analysis  of  DHFR  gene  amplification,  several  colonies  were  picked  at  random  prior  to 
staining,  expanded  and  cellular  DNA  was  prepared  and  subjected  to  PCR  analysis _ 


Clone 

MTX  dosea 

frequency  of  colonies  per  Iff 
cells  (average  of  3  experiments) 

DHFR  gene  dosage 
relative  to  parental 

T98G  parental 

5  X  LD50 

2.0 

\ 

9  X  LD50 

0.3 

c-Jun 

5  X  LD50 

2 

n/t 

9  X  LD50 

0 

dnJun  I-IO-IO 

5  X  LD50 

40 

3-4 

9  X  LD50 

10 

dnJun  1-10-6 

5  X  LD50 

174 

9  X  LD50 

16 

a)  LD50  =  0.1  pM  (T98G,  c-Jun)  or0.04  pM  (dnJun  1-10-10,  dnJun  110-6). 


Mutant  Jun-modified  cells  are  more  sensitive  to  p53-mediatedgrowth  suppression  and  apoptosis. 
Based  on  the  observations  above  indicating  that  mutant  Jun-expressing  cells  are  inhibited  in  DNA 
damage  repair  and  predisposed  to  gene  amplification,  we  predicted  that  strand  breaks  would 
accumulate  in  mutant  Jun-expressing  cells  thereby  leading  to  increased  p53-dependent  growth 
inhibition  and  apoptosis.  Figure  3  compares  the  growth  inhibition  of  Ad-p53-transduced  cells 
relative  to  AdBgal-transduced  cells  6  days  post-infection.  The  results  represent  the  average  of  two 
experiments  performed  on  separate  occasions,  with  each  experiment  being  performed  in  triplicate. 
The  infection  efficiency,  determined  by  X-gal  staining  of  parallel  cultures  treated  with  AdBgal,  was 
about  50%  in  all  cases,  low  enough  to  cause  incomplete  growth  suppression  of  parental  T98G  cells 
and  control  cells  modified  to  stably  express  wild-type  c-Jun  as  shown  in  Figure  3.  Growth  studies 
revealed  that  T98G  mutant  Jun  clones  I- 10- 10  and  1-10-6  cells  were  considerably  more  growth 
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suppressed  upon  expression  of  p53  under  these  conditions.  Western  blot  analysis  (not  shown)  of 
the  p53-responsive  gene  product,  in  cell  lysates  48  hours  post-infection  showed  induction 

of  in  all  cases,  indicating  that  p53  was  expressed  in  those  cells.  The  data  thus  show  that 

p2jwafi/cipi  jg  g  crucial  player  in  this  setting. 


Suppression  of  cell  growth 


^  ELISA  assay  of  apoptosis 

(appearance  of  cytoplasmic  nucleosomes) 


S  3-^ 


2  H 


1  H 


I  I  untreated 

Ad-p53  treated 


1 


T9BG  1-10-10  I-10-6  S-3-3 


Figure  3.  6  day  viability  assay  of  T98G  subclones 
following  treatment  with  Ad-p53,  100  pfu/cell  for  3 
hours.  Viability  of  Ad-p53-treated  cultures  is  repre¬ 
sented  as  a  percentage  of  the  same  culture  treated 
under  identical  conditions  with  Ad-(igal. 


Figure  4.  ELISA  apoptosis  assay  of  cytoplasmic  nu¬ 
cleosomes  in  untreated  cells,  or  in  cells  48  hours  after 
being  treated  with  100  pfu  per  cell  of  Ad-ligal  or  Ad-p53 
for  3  hours. 


In  order  to  determine  whether  the  p53-mediated  growth  inhibition  of  T98G  mutant  Jun  expressing 
cells  shown  in  Figure  3  could  be  accounted  for  by  the  induction  of  apoptosis,  we  assayed  the 
cytoplasmic  fractions  of  Ad-p53  or  Ad-Bgal-infected  cells,  48  hours  post-infection,  for  the  presence 
of  oligonucleosomal  fragments  (Figure  4).  These  fragments  are  released  from  the  nuelei  of  cells 
undergoing  apoptosis,  and  can  be  detected  by  an  ELISA  assay  using  anti-histone  antibodies  and 
anti-DNA  peroxidase  antibodies.  We  assayed  for  apoptosis  48  hours  following  exposure  to  p53- 
adenovirus  or  B-gal  adenovirus  as  this  is  the  point  at  which  we  have  observed  maximal  transgene 
expression  in  Ad-B-gal-infected  cells  (unpublished  observations).  Figure  4  shows  the  results  of  the 
ELISA  assay  on  the  various  T98G  cell  clones.  Low  levels  of  oligonucleosomal  fragment  release 
similar  to  levels  observed  in  uninfected  cells  were  observed  in  Ad-B-gal-infected  cells.  Treatment 
of  parental  T98G  cells  and  control  wild-type  c-Jun-expressing  T98GcJun  cells  with  Ad-p53  (100 
pfii/cell,  3  hours)  resulted  in  virtually  no  induction  of  apoptosis  under  our  conditions,  consistent 
with  growth  assays  showing  no  suppression  of  overall  growth  following  treatment  of  these  cell  lines 
with  Ad-p53.  However,  readily  detectable  and  significantly  increased  levels  of  apoptosis  were 
observed  in  mutant  Jun  expressing  clones  I-IO-IO  and  1-10-6.  Thus  p53-mediated  apoptosis  is 
markedly  enhanced  in  mutant  Jun-expressing  cells,  possibly  as  a  consequence  of  being  triggered  by 
endogenous  strand  breaks  that  fail  to  be  repaired. 

To  confirm  a  p53-dependent  mechanism  of  apoptosis,  we  carried  out  a  Western  blot  analysis  of  the 
apoptosis  regulatory  proteins  bax  and  bcL  in  cells  treated  with  Ad-p53  or  Ad-Bgal.  The  levels  of  the 
proapoptotic  effector,  bax,  whose  gene  is  induced  by  p53  (11),  increase  following  treatment  with 
Ad-p53,  as  expected,  while  levels  of  the  antiapoptotic  protein  bcL  remain  largely  unchanged.  A 
comparison  of  the  bax  to  bcL  protein  is  indicated  by  the  ratios  under  the  lanes  in  Figure  5.  The 
bax/bclz  ratio  following  treatment  with  Adp53  is  significantly  higher  in  mutant  Jun-expressing  cells 
I-IO-IO  and  1-10-6  (ratios  of  10  and  2.5,  respectively)  than  in  parental  cells  (ratio  of  1.7)  and  c-Jun 
control  cells  (ratio  of  0.8).  Furthermore,  a  comparison  of  these  ratios  in  uninduced  versus  induced 
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cells  (AdBgal-treated  versus  Adp53-treated)  reveals  a  3  to  4-fold  increase  for  the  Adp53-treated 
parental  and  cJun-expressing  control  cells  compared  to  the  same  cells  treated  with  AdBgal,  whereas 
Adp53-treated  mutant  Jun-expressing  cells  I-IO-IO  and  1-10-6  show  an  increase  of  some  8  to  25 
fold,  respectively,  compared  to  the  same  cells  treated  with  AdBgal.  In  accordance  with  other  data 
suggesting  that  the  bax  to  bch  ratio  is  a  critical  determinant  of  apoptosis  (see  (12),  review),  these 
data  support  a  role  for  bax  in  the  increased  apoptosis  observed  after  Adp53  treatment  of  mutant  Jun- 
expressing  cells. 


Figure  5.  Western  blot  analysis  of  bax  and  bch  protein  in 
iysates  from  T98G  parental  cells,  mutant  Jun-expressing 
ciones  1-10-10  and  I-10-6,  and  control  c-Jun-expressing  clone 
T98GcJun,  48  hours  after  treatment  with  Ad-ligai  or  Adp53, 
100  pfu  per  cell  for  3  hours.  Each  lane  represents  15  pg 
protein  for  the  bax  analysis  and  30  pg  protein  for  the  bci2 
analysis.  Foliowing  immunostaining  and  band  detection  with 
ECL  Western  reagent,  bands  were  quantitated  using  Kodak 
digital  software.  Ratios  of  bax  to  bcb  are  indicated  below  the 
lanes.  Experiment  was  carried  out  twice  with  simiiar  results. 


T98G  parental  l-IO-IO(mutant)  l-10-6(mutant)  T98GjJun 
8gal  p53  8gal  p53  8gal  p53  8gal  p53 


Bax/bcl2:  0.4  1.7  1.3  10  0.1  2.5  0.3  0.8 


Model  correlating  DNA  damage  to  disruptions  in  the  Jun  Kinase  pathway  and  to  p53-mediated 
apoptosis.  These  results  have  been  published  (reference  (4))  and  can  be  understood  in  light  of  a 
growing  body  of  evidence  supporting  a  role  for  p53  in  modulating  apoptosis  in  response  to  DNA 
damage  (see  review,  ref  (13)),  and  in  proportion  to  the  extent  of  damage  (14).  p53  is  a  DNA 

damage  recognition  protein  known  to  bind  to  a  variety  of  types  of  DNA  damage,  including  single 
stranded  ends  (15),  and  insertion-deletion  loops  (16).  These  types  of  damage,  which  could  serve  as 
triggers  for  p5  3 -mediated  apoptosis  are  likely  to  be  generated  in  tumor  cells  by  the  mechanisms  that 
promote  spontaneous  gene  rearrangements,  deletions,  and  amplifications.  As  such,  a  failure  of 
DNA  repair  in  mutant  Jun-expressing  cells  would  promote  the  accumulation  of  strand  breaks,  which 
would,  on  the  one  hand,  favor  gene  amplification  and  other  manifestations  of  genome  instability, 
and  on  the  other  hand,  promote  DNA  damage-induced  stabilization  of  p53  and  apoptosis.  The 
scheme  illustrating  our  original  hypothesis  can  therefore  be  expanded  as  in  Figure  6  (taken  from 
reference  (4))  to  incorporate  these  results. 


Responses  to  DNA  damage 
in  tumor  cells 
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Figure  6.  Model  explaining  how,  through  inhibition  of 
potential  c-Jun  downstream  targets  leading  to  DNA 
repair  (e.g.,  DNA  polymerase  IJ,  topoisomerase  I,  II, 
PCNA),  mutant  Jun  promotes  the  accumulation  of 
endogenous  DNA  strand  breaks  in  genomically 
unstable  tumor  cells  and  thus  collaborates  with  p53  to 
promote  p53-mediated  induction  of  bax  and  apoptosis. 


1 

t  bax/bclj 

i 


PROPRIETARY 


Ruth  Gjerset,  Ph.D. 
DAMD17-96-1-6038 


Task  3:  Correlate  AP-1  activity  and  DNA  repair  activity  with  sensitivity  to  p53-mediated 
effects,  using  assays  for  AP-1  regulated  genes  associated  with  DNA  repair.  The  correlation  of 
DNA  repair  activity  to  sensitivity  to  p53-mediated  growth  suppression  and  apoptosis  has  been 
addressed  in  the  DNA  damage  studies  discussed  under  task  2.  In  task  3  we  attempted  to  correlate 
changes  in  AP-1  regulated  gene  activity  with  the  DNA  repair  defects  accompanying  disruptions  in 
the  Jun  Kinase  pathway.  We  have  used  RT-PCR  to  analyze  how  expression  of  a  number  of  genes 
involved  in  DNA  synthesis  and/or  repair  was  altered  following  disruption  of  the  Jun  Kinase 
pathway.  The  genes  analyzed  are  listed  in  Table  5  below,  and  contain  within  their  promoters  or 
intronic  sequences  putative  binding  sites  for  AP-1  or  ATF2/CREB  transcription  complexes  (based 
on  a  TESS  search  for  transcription  factor  recognition  sequences).  For  RT-PCR,  total  cellular  RNA 
was  prepared  from  about  5x10^  exponentially  growing  cells  using  the  Uneasy™  kit  from  Qiagen 
and  following  the  manufacturer’s  procedure.  1  pg  of  RNA  was  reverse  transcribed  into  cDNA  in  a 
20  pi  reaction  containing  0.5  mM  dNTPs  (Pharmacia),  100  pg/ml  oligo  dT  (Promega),  2  units 
RNAsin  (Promega),  10  units  Moloney  Murine  leukemia  virus  reverse  transcriptase  (Promega), 
reverse  transcriptase  buffer  (Promega).  This  cDNA  was  then  used  as  a  template  for  quantitative 
PCR.  Primers  have  been  chosen  in  all  cases  to  amplify  a  region  of  about  200  bp  in  length  from  the 
coding  sequence  of  the  gene.  Primers  were  synthesized  by  Genosys,  Inc.  Amplification  conditions 
are  as  described  above  for  the  PCR-stop  assay.  Prior  to  carrying  out  an  analysis  of  gene  expression 
levels,  pilot  experiments  were  performed  to  verify  quantitative  conditions  for  each  primer  pair  by 
preparing  cDNA  from  100  ng  and  10  ng  RNA  (in  addition  to  1  pg  RNA)  and  amplifying  the  cDNA 
to  show  that  product  formation  was  proportional  to  input  template  under  our  conditions.  Following 
amplification,  products  were  analyzed  by  agarose  gel  electrophoresis  followed  by  band  quantitation 
using  a  Kodak  digital  camera.  For  each  of  the  genes  shown  in  Table  5,  expression  (relative  to  actin 
message)  either  before  or  after  treatment  with  cisplatin,  was  not  significantly  altered  by  expression 
of  mutant  Jun.  Consistent  with  the  RT-PCR  results,  we  did  not  observe  differences  in  the 
enzymatic  activities  of  topoisomerase  I,  nor  polymerase  B  in  parental  or  mutant  Jun-modified  cells 
(not  shown). 


Table  5 

Genes  whose  expression  (by  RT-PCR)  in  T98G  cells 
was  not  altered  by  mutant  Jun  modification. 


Gene 

Function 

Expression  change 
after  cisplatin  * 

ERCCl 

Damage  recognition.  Excision 
repair 

n/c 

GADD45 

Interacts  with  PCNA,  p53 
regulated,  required  for  DNA  repair. 

Increase 

GADDI  53 

Damage  induced  transcription 
factor 

n/c 

DNA  pol  B 

Bypass  synthesis 

Increase 

Topoisomerase  I 

DNA  cleavage  religation-DNA 
synthesis  and  repair 

n/c 

PCNA 

Proliferating  cell  nuclear  antigen, 
DNA  polymerase  accessory  protein 

n/c 

*  Measured  18  hours  after  1  hr  treatment  with  200  pM  cisplatin.  n/c  =  no  change. 
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Figure  7.  RT-PCR  analysis  of  basal 
and  cisplatin-induced  expression 
levels  of  the  bob  and  bax  genes  in 
T98G  cells,  T98G  m-Jun  1-10-10  and 
1-10-6,  and  T98G  c-Jun  cells 
(control).  Bars  represent  expression 
relative  to  untreated  T98G  parental 
cells. 


PROPRIETARY 

INFORMATION 


Ruth  Gjerset,  Ph.D. 
DAMD17-96-1-6038 


We  have  also  examined  expression  of  the  p53  gene  (mutant  in  these  cells),  as  well  as  expression  of 
the  p21wafl  and  bax  genes.  Expression  of  p21wafl  increased  after  treatment  of  cells  with  cisplatin, 
irrespective  of  mutant  Jun  status,  indicating  that  induction  of  p21wafl  can  occur  by  p53- 
independent  and  by  c-Jun  independent  mechanisms.  However,  overall  basal  and  induced  levels  of 
p21  were  higher  in  cells  modified  with  mutant  Jun.  It  has  recently  been  reported  that  c-Jun  knockout 
murine  fibroblasts  express  elevated  levels  of  p21  due  to  loss  of  c-Jun  mediated  transcriptional 
repression  of  the  p53  gene  (17).  As  shown  in  Figure  7,we  observe  differences  in  the  regulation  of 
the  anti-apoptotic  gene,  bcl2,  suggesting  that  altered  regulation  of  bcla  may  contribute  to  the  altered 
apoptotic  response  in  mutant  Jun  modified  cells.  Basal  levels  of  bcli  expression  are  significantly 
suppressed  in  mutant  Jun  modified  cells  relative  to  parental  cells  and  c-Jun  modified  cells.  Upon 
treatment  with  cisplatin,  bcl2  levels  decrease  even  more,  exacerbating  the  differences  between 
clones  that  express  mutant  Jun  and  those  that  do  not.  Thus,  while  there  is  no  evidence  that  bc^  is 
directly  involved  in  DNA  repair,  it  may  contribute  indirectly  to  DNA  repair  by  delaying  apoptosis. 
Its  reduced  expression  in  mutant  Jun-modified  cells  is  therefore  consistent  with  our  earlier 
observations  of  decreased  repair  in  these  cells  and  enhanced  p53-mediated  apoptosis. 

These  results  begin  to  identify  some  of  the  common  molecular  events  in  two  independently 
derived  mutant  Jun-modified  T98G  clones  that  may  contribute  to  the  phenotype  we  observe.  The 
results  provide  further  rationale  for  searching  for  other  genes,  possibly  c-Jun  downstream  targets 
involved  in  DNA  repair,  whose  deregulated  expression  would  affect  the  way  cancer  cells  respond  to 
induced  DNA  damage  and  to  p53-mediated  apoptosis. 

In  order  to  clarify  the  possible  role  of  AP-1  regulated  genes  in  modulating  DNA  repair  and  p53- 
mediated  apoptosis,  we  carried  out  experiments  with  the  anti- AP-1  retinoids  (18),  9-cis  retinoic 
acid,  and  two  synthetic  retinoids,  SRI  120  and  SR  11327,  provided  by  Magnus  Pfahl,  Sidney 
Kimmel  Cancer  Center.  The  synthetic  retinoids  were  found  to  have  superior  anti- AP-1  activity 
without  the  generalized  toxicity  associated  with  naturally  occurring  retinoids  such  as  9-cis  retinoic 
acid  (18).  Retinoids  are  potential  anti  cancer  agents  and  we  have  observed  in  breast  cancer  cells  a 
greater  than  additive  suppression  by  the  synthetic  retinoid  SRI  120  in  combination  with  p53.  We 
also  observed  an  additive  to  greater  than  additive  effect  of  SRI  120  in  combination  with  cisplatin. 
The  similarities  in  the  biological  effects  of  retinoids  in  combination  with  p53  gene  replacement  or 
with  cisplatin  was  similar  to  what  we  had  observed  with  a  variety  of  approaches  to  disrupting  the 
Jun  Kinase  pathway,  and  we  asked  whether  a  common  mechanism  might  be  involved.  Figure  8 
plots  the  results  of  a  combinaton  experiment  using  Adp53  with  9-cis  retinoic  acid,  where  we 
observed  a  combined  effect  similar  to  the  one  we  had  observed  with  SRI  120. 


Sensitivity  of  T47D  breast  cancer  cells 
to  9-cis  retinoic  acid  +  AdpS3 


no  retinoic  acid  9-cis  retinoic  acid 


Figure  8.  Viability  of  Adp53-treated  or  Ad  8-gal-treated 
T47D  breast  cancer  cells  in  the  presence  or  absence  of  9 
cis-retinoic  acid.  Cells  were  treated  with  vector  at  50  pfu 
per  cell  for  3  hours,  and  replated  in  96-well  plates  at 
1000  cells  per  well.  The  next  day,  quadruplicate  wells 
were  either  lefyt  untreated  or  were  treated  with  1  pM  9- 
cis  retinoic  acid.  Cells  were  then  Incubated  an  addition  7 
days.  Viability  was  measured  by  the  MTS  assay. 


We  carried  out  DNA  repair  assays  on  genomic  DNA  prepared  from  T47D  cells  treated  with 
cisplatin  in  the  presence  or  absence  of  SRI  1327  to  determine  whether  retinoids  might  be  targeting 
the  DNA  repair  machinery  in  a  manner  similar  to  what  we  observed  following  disruptions  in  the  Jun 
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Kinase  pathway.  We  observed  that  DNA  repair  became  evident  by  12  hours  post-treatment  with 
cisplatin  and  was  not  affected  by  the  presence  of  SRI  1327.  Therefore,  under  conditions  where 
retinoid-related  general  toxicity  is  minimized,  we  do  not  observe  a  significant  effect  on  DNA  repair. 
This  suggests  that  retinoids  target  a  different  pathway  than  is  targeted  by  c-jun  alterations  described 
above,  and  that  the  two  approaches  synergize  with  p53  gene  transfer  through  different  mechanisms. 

In  carrying  out  these  studies,  we  discovered  a  novel  property  of  retinoids  that  might  contribute  to 
their  ability  to  enhance  the  effects  of  cisplatin,  and  possibly  to  synergize  with  p53.  This  work  was 
described  in  detail  in  Progress  Report  2  and  in  reference  (6)  (attached),  and  is  summarized  here. 
The  experiments  were  based  on  published  reports  showing  that  cisplatin  induces  a  structural 
distortion  in  DNA  when  it  forms  adducts  (19).  Because  the  initiation  of  transcription  involves  a 
structural  distortion  in  DNA,  we  hypothesized  that  the  transcription  complex  might  present  a 
preferential  target  for  cisplatin-adduct  formation.  This  would  be  consistent  with  several  studies 
suggesting  that  transcription  is  a  key  target  for  cisplatin  and  that  transcriptional  repression  may 
correlate  better  with  cisplatin  toxicity  than  does  inhibition  of  DNA  synthesis.  We  used  the  same 
PCR-based  assay  that  we  had  used  for  DNA  repair  assays  to  examine  cisplatin  adduct  formation  on 
the  promoter  and  downstream  regions  of  the  retinoic  acid  receptor  B  gene  in  T47D  breast  cancer 
cells,  where  this  gene  undergoes  retinoic  acid-dependent  activation.  We  also  examined  two 
constitutively  expressed  genes  as  controls  (HPRT  and  DHFR).  Cells  were  treated  with  9-cis 
retinoic  acid,  and  then  with  increasing  concentrations  of  cisplatin,  and  cisplatin  adduct  formation 
was  examined  on  genomic  DNA.  We  observed  preferential  platination  of  the  retinoic  acid  receptor 
B  gene  promoter  relative  to  downstream  regions  of  the  same  gene,  and  DHFR  gene.  This 
preferential  platination  was  not  observed  in  the  absence  of  transcriptional  activation  of  the  gene, 
suggesting  that  a  structural  modulation  occurring  upon  promoter  activation  may  enhance  cisplatin 
binding.  Levels  of  platination  per  nucleotide  were  about  3  times  higher  on  the  activated  promoter 
than  on  HPRT  gene.  The  results  suggest  that  chromatin  remodeling  following  promoter  activation 
may  create  sites  that  are  preferentially  vulnerable  to  cisplatin  adduct  formation.  Retinoids  may 
synergize  with  cisplatin  by  creating  new  targets  for  cisplatin  binding  in  vulnerable  genomic  regions. 
Furthermore,  abnormal  transcriptional  transactivation  might  be  recognized  by  p53  as  a  trigger  for 
apoptosis,  and  if  so  might  contribute  to  the  synergistic  suppression  observed  by  p53  in  combination 
with  retinoids. 


AdLuc  Adp53 


Task  4:  Identify  Intermediates  in  p53-mediated  apoptosis  (RNA,  protein  analyses).  As  shown 
by  the  Western  analysis  in  Figure  9,  treatment  of  cells  with  Adp53  leads  to  overexpression  of  p53 

assayed  at  72  hours  post  infection,  as 
expected,  and  to  a  striking  induction  of 
the  p53  downstream  targets  mdm2,  bax, 
and  p21wafl.  This  induction  of  protein 
corresponds  to  a  similar  induction  of 
message  for  these  genes  (not  shown).  For 
the  T98G  cell  line  (Figure  9),  treatment 
with  Adp53  resulted  in  17%  of  the  cells 
undergoing  apoptosis,  as  determined  by  a 
Trypan  Blue  exclusion  assay. 


p53 

mdm2 

bax 

bcl2 

p21 

bax/bcl2  : 

1  3 

Figure  9.  Western  analysis  of 
proteins  induced  following  treatment 
of  T98G  cells  for  3  hours  with  500 
pfu/cell  of  AdLuc  (control)  or  Adp53. 
Lysates  were  prepared  72  hours 
post  treatment.  The  bax  to  bcl2 
ratio,  which  is  known  to  increase  in 
apoptotic  cells,  was  determined  by 
a  digital  analysis  of  the  film. 
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'  In  addition,  as  indicated  in  Figure  9,  a  digital  analysis  of  the  Western  blot  revealed  a  3  fold  increase 
in  the  bax  to  bcl2  ratio  following  Adp53  treatment.  An  increase  in  the  bax  to  bcl2  ratio  has 
previously  been  implicated  as  a  feature  of  apoptotic  cells.  For  us,  the  availability  of  mutant  Jun 
modified  subclones  predisposed  to  p53-mediated  apoptosis  enabled  us  to  correlate  apoptosis  with 
specific  changes  in  gene  expression.  As  discussed  in  Task  3,  we  found  that  changes  in  the  bax  to 
bcl2  ratio  (Figure  5),  but  not  changes  in  expression  of  p21,  closely  correlated  with  the  increased 
apoptosis  in  the  subclones.  In  some  cell  lines,  a  decrease  in  bcl2  expression  following  treatment 
with  Adp53  contributed  to  the  altered  bax  to  bcl2  ratio.  We  observed  similar  changes  in  other  cell 
lines,  and  conclude  that  the  most  relevant  indicator  of  p53-mediated  apoptosis  is  bax  expression. 


Task  5;  Analyze  the  influence  of  the  cell  cycle  on  p53-mediated  therapy  sensitization  (FACS 
analyses).  In  an  effort  to  determine  whether  alterations  in  cell  cycle  distribution  affected  the 
response  to  p53,  we  carried  out  FACS  analyses  comparing  cell  lines  with  differing  predispositions 
to  p53-mediated  apoptosis  (T98G,  T98G  mutant  Jun,  T98G).  We  found  that  mutant  Jun  modified 
cell  populations  had  a  higher  percentage  of  cells  in  the  G2  phase  of  the  cells  cycle  (Figure  10,  top 
row,  67%  in  G2  versus  59%,  respectively).  Upon  treatment  with  cisplatin,  both  cell  populations 
accumulated  in  G2.  However,  parental  unmodified  cells  returned  to  their  control  profile  within  16 
hours,  while  mutant  Jun  modified  cells  displayed  a  delayed  recovery  from  G2  arrest.  Abnormal 
regulation  G2  arrest  and  recovery  displayed  by  mutant  jun  modified  cells  may  contribute  the  their 
increased  predisposition  to  p53-mediated  apoptosis. 
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Figure  10.  Cell  cycle  profile 
as  analyzed  by  CellQuest 
software.  Cells  were  treated 
with  30  pM  cisplatin  for  1 
hour  and  then  analyzed 
immediately  (Time  0)  or 
following  a  6  hr,  16  hr,  or  24 
hr.  recovery  period. 
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Technical  Objective  IV.  In  Vivo  Studies. 

Task  6;  Study  the  response  of  ex  vivo  transduced  tumor  cells  to  therapy  using  a  subcutaneous 
tumor  model.  This  study  was  not  carried  out,  in  light  of  concerns  we  had  that  such  a  model  would 
not  provide  a  rigorous  evaluation  of  the  clinical  potential  of  p53-base  therapies  for  breast  cancer. 
Several  published  reports  had  demonstrated  failure  to  achieve  long-term  transgene  expression  in 
vivo  from  cells  modified  ex  vivo  (20).  To  confirm  these  observations,  we  carried  out  a  similar  test 
of  transgene  expression  in  vivo,  using  the  9L  rat  glioblastoma  cell  line  modified  ex  vivo  to  express 
wild-type  p53  from  the  pCEP4  vector  (the  vector  used  in  task  1).  We  found  that  while  wild-type 
p53  expression  in  vitro  could  be  maintained  for  up  to  one  year  or  more  (under  selection),  that  in 
vivo  expression  was  rapidly  lost  following  orthotopic  implantation  of  modified  9L  cells  (see  PG13- 
CAT  reporter  assay  for  p53  expression.  Figure  1 1).  Another  concern  that  prompted  us  to  examine 
alternative  models  to  the  one  originally  proposed  for  this  task,  was  that  stable  modification  of  cells 
with  a  tumor  suppressor  gene  would  select  for  low  expression  levels  compatible  with  cell  growth 
and  survival.  We  did  observe  very  low  transgene  expression  by  Western  analyses  of  stably 
transduced  clones  studied  in  Task  1.  Stably  modified  cell  populations  therefore  seemed  unlikely  to 
express  sufficiently  high  levels  of  transgene  or  to  express  the  transgene  for  sufficiently  long  periods 
of  time  to  provide  a  useful  model  for  preclinical  studies. 

Figure  11.  Thin  layer  chromatographic  assay  of  CAT  activity 
following  transfection  of  various  9L  cell  subclones  with  the  PG13 
reporter  plasmid  for  wild-type  p53.  In  PG13,  CAT  expression  is 
under  the  control  of  a  p53-responsive  element.  The 
monoacetylated  forms  of  chloramphenicol  are  Indicated  by  the 
arrows.  Lane  1:  9L  cells;  Lane  2:  9L  cells  transfected  with  a 
constitutive  CAT  reporter;  Lane  3;  9L  pCEPp53  cells  grown  in 
vitro;  and  Lane  4;  9L  pCEPp53  cells  after  3  weeks  in  vivo. 


A  model  system  more  closely  resembling  a  clinical  treatment  situation  would  involve  a  pre- 
established  tumor  into  which  a  gene  transfer  vector  was  directly  administered  (Task  7).  Since 
submitting  the  original  grant  proposal,  an  excellent  model  became  available  that  offered  not  only 
the  possibility  of  examining  sub-cutaneous  tumors,  but  also  the  possibility  of  examining  orthotopic 
tumors  with  metastatic  potential  (MDA  MB  435  metastatic  model  developed  by  Janet  Price, 
University  of  Texas).  The  model  therefore  offers  the  opportunity  to  investigate  therapeutic 
treatments  for  advanced  disease,  and  is  discussed  below. 

Task  7:  Determine  the  response  of  established  subcutaneous  tumors  to  direct  injection  of 
wild-type  p53  (±  therapy).  We  examined  the  ability  of  a  replication-defective  adenovirus 
encoding  wild-type  p53  to  suppress  the  growth  of  sub-cutaneous  tumors  of  MDA  MB  435  cells  in 
female  nude  mice.  Adenovirus  was  chosen  for  its  unparalleled  gene  transfer  efficiency  and  because 
of  its  promise  as  a  clinical  tool  to  achieve  gene  transfer  in  patients  with  cancer.  Adenoviruses  are 
not  associated  with  serious  pathogenicities,  they  infect  a  wide  range  of  cell  types,  they  can  be 
obtained  in  high  titers  and  they  are  stable,  characteristics  that  together  make  adenoviruses  attractive 
for  clinical  development.  We  obtained  clinical  grade  adenoviruses  encoding  human  wild-type  p53 
(Adp53)  or  firefly  luciferase  (AdLuc,  control)  from  Introgen  Therapeutics,  Inc.  (Houston,  Texas). 

Our  in  vitro  studies  (task  1,  and  Figure  12  A,  below)  had  shown  that  greater  suppression  of  tumor 
cell  growth  and  viability  in  vitro  was  achieved  by  the  combination  of  Adp53  plus  the  breast  cancer 
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therapeutic,  doxorubicin.  Furthermore,  apoptosis  assays  showed  that  the  extent  of  apoptosis 
achieved  by  the  combination  of  Adp53  and  doxorubicin  was  greater  than  the  sum  of  what  was 
achieved  by  Adp53  or  doxorubicin  alone  (see  Figure  12  B). 


pM  doxorubicin 


'  ♦ "  AdLuc  alone 
-O-  AdLuc  +  doxorubicin 
— Adp53  alone 
-y-  Adp53  +  doxorubicin 


Figure  12  (A)  Viability  assay  of  MDA-MB-435 
breast  cancer  cells  treated  as  in  Figure  1  with 
100  pfu  per  cell  of  Adp53  or  AdLuc  for  4  hours 
or  overnight,  followed  by  replating  in 
quadruplicate  in  96  well  plates.  Following 
attachment,  cells  were  treated  with  the 
indicated  concentrations  of  doxorubicin  (3 
hours).  Viability  was  assayed  by  the  MTS 
assay  6  days  from  the  start  of  infections. 
Viability  is  expressed  as  a  percentage  of  the 
viability  of  cells  treated  only  with  AdLuc.  (B) 
Apoptosis  assay  measuring  release  of 
oligonucleosomal  fragments  from  the  nucleus. 
Cells  were  treated  as  indicated  with  AdLuc  or 
Adp53,  with  or  without  doxorubicin  (0.1  pM) 
and  cytoplasmic  extracts  were  prepared  48 
hours  from  the  start  of  treatment  and  assayed 
for  release  of  oligonucleosomal  fragments. 
Results  are  expressed  as  the  fold  increase 
over  untreated  cells. 


Sub  cutaneous  tumor  model 
intratumoral  vector  administration 


Figure  13.  Subcutaneous  model  of  MDA-MB-435 
breast  cancer  in  nude  mice.  Tumors  were 
established  in  female  nude  mice  by  sub¬ 
cutaneous  implantation  of  10®  cells  and  allowed  to 
grow  to  an  average  size  of  40  mm®.  Animals  with 
established  tumors  were  randomized  into  4 
treatment  groups  of  9  animals  each  and  treatment 
was  initiated  (day  1).  Each  group  received 
intratumoral  injection  of  vector  (3  x  10®  pfu  of 
AdLuc  or  Adp53  in  100  pi  PBS)  on  days  2,  4,  and 
7  and  again  on  days  16, 18,  and  21  (vertical  lines). 
Two  groups  also  received  intravenous  injection  of 
100  pi  of  doxorubicin  (8  mg/kg)  on  days  1  and  15 
(lines).  Tumor  volumes  were  monitored  at  2-3  day 
intervals. 


We  therefore  included  an  experimental  arm  in  the  animal  study  in  which  tumors  were  treated  with 
the  Adp53  +  doxorubicin  combination.  Tumors  were  initiated  on  the  back  of  female  nude  mice  (5- 
8  weeks)  by  subcutaneous  implantation  of  10^  tumor  cells  in  100  pi  DMEM.  Tumor  growth  was 
monitored  at  2-3  day  intervals  by  measuring  the  length  and  width  of  the  tumors  and  calculating 

tumor  volume  using  the  formula;  volume  =  ‘A  length  X  (width)  .  When  tumors  had  attained  a  size 
of  20-60  mm^,  animals  were  randomized  into  treatment  groups  of  9  animals  each  and  treatment  was 
initiated  (designated  day  1).  Animals  were  administered  8  mg/kg  doxorubicin  (adriamycin, 
obtained  through  local  pharmacies)  on  days  1  and  15  by  tail  vein  injection.  Adp53  or  AdLuc  (3  X 
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10  pfii  per  tumor  in  100  pi  PBS)  were  administered  on  days  2,  4,  7,  and  again  on  days  16,  18,  21. 
Figure  13  plots  the  results  of  this  experiment.  The  greatest  suppression  of  tumor  growth  occurred  in 
the  Adp53  +  doxorubicin  treatment  group  over  the  entire  period  of  the  study.  We  found  significant 
differences  (p  <  0.05  by  a  one-way  analysis  of  variance  followed  by  a  pairwise  Student  t  test) 
between  the  Adp53  group  and  the  Adp53  +  doxorubicin  groups  on  days  1,9,  11  (following  the  first 
cycle  of  treatment),  and  again  on  days  18,  23,  25,  and  28  (following  the  second  cycle  of  treatment). 
In  addition,  on  days  18,  23,  25,  28  we  also  observed  significant  differences  between  the  Adp53  + 
doxorubicin  groups  and  each  of  the  other  treatment  groups.  No  significant  differences  were 
observed  on  days  18-28  between  the  Adp53,  AdLuc,  and  AdLuc  +  doxorubicin  treatment  groups. 
This  indicates  that  Adp53,  when  administered  directly  to  sub-cutaneous  tumors  is  effective  at 
reducing  tumor  growth  and  this  effect  is  enhanced  in  the  presence  of  doxorubicin. 

The  clone  of  MDA  MB  435  cells  used  in  this  work  was  supplied  to  us  by  Janet  Price  (University  of 
Texas,  Houston)  and  had  been  selected  by  Price  and  coworkers  for  increased  metastatic  potential 
(primarily  to  lung)  following  orthotopic  implantation  into  the  mammary  fat  pads  of  female  nude 
mice.  Using  this  clone,  we  therefore  had  an  opportunity  to  investigate  the  efficacy  of  Adp53  and 
doxorubicin  in  treating  metastatic  disease,  a  disease  that  poses  the  greatest  challenge  for 
conventional  treatment. 

Metastatic  disease  also  poses  a  challenge  for  gene  therapy  approaches:  systemic  delivery  of  gene 
transfer  vector  would  be  required,  but  the  potentially  low  gene  transfer  efficiency  achievable 
following  systemic  administration  could  be  a  barrier  to  efficacy.  Nevertheless,  we  had  made 
several  observations  that  suggested  that  therapeutic  applications  involving  p53  might  be  particularly 
suited  to  overcoming  the  potential  limitations  of  low  gene  transfer  efficiency.  First,  we  had 
observed  (Task  1)  that  the  tumor  suppressive  effects  of  p53  were  enhanced  in  the  presence  of 
chemotherapeutic  agents  such  as  doxorubicin,  and  that  combination  effect  was  additive  to 
synergistic.  Furthermore,  highly  over-expressed  wild-type  p53  was  not  required  to  achieve  therapy 
sensitization,  as  stably-modified  clones  of  breast  cancer  cells,  where  wild-type  p53  expression  was 
too  low  to  have  a  significant  impact  on  growth,  nevertheless  displayed  an  increased  sensitivity  to 
chemotherapy.  Finally,  when  a  B-galactosidase  adenovirus  was  administered  intravenously,  and 
animals  were  sacrificed  2  days  later  and  lungs  were  observed  for  X-gal  staining  (indicating  transfer 
of  the  13-galactosidase  gene),  we  observed  patches  of  stained  areas.  Taken  together  these  results 
show  that  systemically  delivered  adenovirus  will  reach  the  lung  and  achieve  gene  transfer,  and  that 
the  therapy  sensitization  effect  of  p53  observable  even  at  low  levels  of  expression  could  offset  a 
potentially  low  gene  transfer  efficiency  of  systemic  administration. 

We  therefore  set  up  a  metastatic  model  for  human  breast  cancer  in  nude  mice  following  a  protocol 
developed  by  Janet  Price.  10^  MDA  MB  435  cells  were  implanted  under  the  skin  of  the  mammary 
fat  pad  of  female  nude  mice.  Tumors  were  allowed  to  develop  for  8  weeks,  at  which  time  most  of 
the  tumors  were  expected  to  have  metastasized  to  the  lung,  based  on  prior  work  by  Price  and 
colleagues.  Tumors  that  were  large  (>  800  mm^)  were  excised  (although  residual  tumor  remained) 
and  animals  were  randomized  into  treatment  groups  of  6  to  8  animals  each.  Treatment  was  then 
initiated  (designated  day  1).  Animals  received  doxorubicin  (10  mg/kg)  by  tail  vein  injection  on  days 
1  and  21,  and  vector  (Adp53  or  AdLuc)  beginning  on  day  3  and  continuing  at  2-3  day  intervals  until 
day  46.  A  total  of  2  x  10^°  viral  particles  were  administered  per  injection.  This  corresponded  to  3  x 
10*  pfu  per  injection  for  Adp53  and  10^  pfu  per  injection  in  the  case  of  AdLuc.  At  15-16  weeks 
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post  implantation  the  animals  were  sacrificed  and  the  lungs  were  removed  and  fixed  in 
formaldehyde.  Longitudinal  and  transverse  sections  were  prepared  and  analyzed  for  the  presence  of 
metastatic  masses.  As  shown  in  Table  6,  lung  metastases  were  observed  in  all  treatment  groups 
except  the  group  that  had  been  treated  with  Adp53  +  doxorubicin.  Using  the  Fisher  exact  test  to 
analyze  the  statistical  significance  of  the  differences  observed,  we  found  a  significant  difference  in 
the  incidence  of  metastases  between  the  Adp53  group  and  the  Adp53  +  doxorubicin  group  (p 
<0.05),  as  well  as  between  the  Adp53  group  and  the  doxorubicin  group  (p  <  0.05).  This  indicates 
that  the  Adp53  +  doxorubicin  combination  could  reduce  the  incidence  of  metastases.  No  significant 
differences  were  observed  in  the  incidence  of  metastases  between  the  no  treatment  and  doxorubicin 
only  groups,  nor  between  the  AdLuc  and  AdLuc  +  doxorubicin  groups.  (Table  6).  These  results  are 
consistent  with  the  in  vitro  results  showing  that  the  Adp53  +  doxorubicin  combination  was  more 
effective  at  promoting  apoptosis  than  was  either  Adp53  or  doxorubicin  alone.  Overall  toxicity  of 
the  treatment  was  minimal,  as  assessed  by  weighing  the  animals  at  the  end  of  treatment,  and  by 
histological  examination  of  fixed  liver  sections.  The  results  of  the  subcutaneous  and  orthotopic 
breast  cancer  tumor  models  have  been  published  ((21)copy  attached). 


Table  6 

Incidence  of  lung  metastases  in  nude  mice,  16  weeks  following  mammary  fat  pad 
implantation  of  10*  MDA-MB-435  breast  cancer  cells. 

(%  of  animals  with  metastases) 


Animal  group 

N/group 

Incidence 

(histology) 

(%) 

P  value 

Average  animal 
weight  (gm) 
per  group 

No  treatment 

8 

38 

P>0.5 

26 

Dox 

8 

50 

26 

Adp53 

8 

50 

P  <  0.05 

26 

Adp53  +  dox 

7 

0 

24 

AdLuc 

8 

38 

P>0.5 

26 

AdLuc  +  dox 

6  (2  deaths) 

17 

26 

Treatment  was  initiated  at  8  weeks  post-implantation  of  tumor  cells,  and  just  after  excision  of  the  primary 
tumors.  Treatment  consisted  of  vector,  I0"viral  particles  (10®  pfu)  of  p53  adenovims  (or  AdLuc  control) 
administered  3  times  per  week  by  tail  vein  injection.  Some  of  the  animals  received  doxorubicin 
intravenously  (100  pi  of  a  2  mg/ml  stock,  or  10  mg/kg)  on  days  1  and  21 . 
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Key  Research  Accomplishments 


•  p53  gene  transfer  has  broad  application  as  a  tumor  suppressor  and  therapy  sensitizer  for  breast 
cancers  of  differing  endogenous  p53  status. 

•  The  suppressive  effects  of  p53  and  antimitotic  agents  are  additive,  while  the  suppressive  effects 
of  p53  and  several  agents  known  to  damage  DNA  (including  the  standard  breast  cancer 
therapeutic,  doxorubicin)  are  greater  than  additive,  consistent  with  a  DNA  damage-dependent 
mechanism  of  action  for  p53. 

•  The  therapy  sensitization  effect  of  wild-type  p53  is  manifested  even  at  low  levels  of  wild-type 
p53  expression,  suggesting  that  therapeutic  applications  involving  p53  might  be  particularly 
well  suited  to  overcoming  the  potential  limitations  of  low  gene  transfer  efficiency  in  vivo. 

•  An  important  determinant  of  p5  3 -mediated  apoptosis  is  the  level  of  endogenous  DNA  damage, 
and  this  is  increased  by  treatment  of  cells  with  inhibitors  of  DNA  repair.  p53-mediated 
apoptosis  correlates  with  and  increase  in  the  bax  to  bcl2  ratio,  but  not  with  increased  expression 
of  the  downstream  p53  target,  p21wafl. 

•  Disruption  of  the  Jun  Kinase  pathway  inhibits  DNA  repair,  increases  the  frequency  of  gene 
amplifications,  and  leads  to  increased  apoptosis  through  the  bax  pathway  following  restoration 
ofp53  activity. 

•  Treatment  of  breast  cancer  cells  with  retinoids  leads  to  increased  cisplatin  adduct  formation  on 
the  promoter  region  of  the  retinoic  acid  receptor  6  gene,  following  activation  by  9-cis  retinoic 
acid.  This  suggests  that  retinoids  such  as  9-cis  retinoic  acid,  through  their  pleiotropic  effects  on 
gene  expression,  generate  new  targets  for  cisplatin,  and  enhance  its  cytotoxicity  through 
inhibition  of  the  transcription  initiation  complex.  Abnormal  transcriptional  transactivation  by 
retinoids  may  also  promote  p53-mediated  apoptosis. 

•  Intratumoral  administration  of  a  replication  impaired  adenovirus  encoding  wild-type  p53 
suppresses  the  growth  of  established  subcutaneous  tumors  of  human  breast  cancer  cells  in  nude 
mice,  and  this  suppression  is  enhanced  in  the  presence  of  the  standard  breast  cancer  therapeutic, 
doxorubicin  (adriamycin). 

•  Systemic  administration  of  a  replication  impaired  adenovirus  encoding  wild-type  p53  in 
combination  with  doxorubicin  results  in  a  significant  reduction  in  the  incidence  of  lung 
metastases,  using  an  orthotopic  model  in  nude  mice  for  human  metastatic  breast  cancer. 
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Conclusions 


We  have  shown  that  restoration  of  wild-type  p53  activity  sensitizes  breast  cancer  cells  to  a  variety 
of  DNA  damaging  treatments,  including  doxorubicin,  a  standard  breast  cancer  therapeutic.  These 
observations  extend  our  earlier  observation  on  p53-mediated  sensitization  to  cisplatin,  and  suggest  a 
broad  applicability  of  p53  as  a  general  sensitizer  to  DNA  damaging  therapies. 

Using  clonal  derivatives  of  the  T98G  cell  line,  and  the  MDA  MB  231  breast  cancer  cell  line, 
modified  so  as  to  be  suppressed  in  N-terminal  c-Jun  phosphorylation,  and  defective  in  DNA  repair, 
we  have  demonstrated  a  correlation  between  decreased  DNA  repair,  increased  genome  instability, 
and  increased  sensitivity  to  p53-mediated  apoptosis  through  the  bax  pathway.  This  result  supports 
our  central  hypothesis  that  DNA  damage  constitutes  a  key  determinant  of  a  tumor  cell’s 
susceptibility  to  p53-mediated  apoptosis,  and  provides  additional  rationale  for  the  combined  use  of 
p53  with  DNA  repair  inhibitors,  as  well  as  DNA  damaging  drugs. 

We  have  addressed  the  mechanism  of  synergy  between  retinoids  and  cisplatin,  as  therapeutic 
synergy  between  these  two  agents  has  been  observed  in  tumor  models  for  breast  cancer,  and 
because  we  have  observed  the  restoration  of  p53  further  improves  the  therapeutic  efficacy  of 
retinoids  with  cisplatin.  Earlier  published  studies  show  that  retinoid  pretreatment  enhances  the  total 
platinum  binding  to  DNA  of  target  cells.  Using  the  RARB  gene  as  a  model,  we  have  observed  that 
the  enhanced  cisplatin  binding  occurs  preferentially  at  the  promoter  region,  suggesting  that  retinoids 
synergize  with  cisplatin  by  generating  hypersensitive  sites  in  promoter  regions  to  which  cisplatin 
preferentially  binds,  and  possibly  leading  in  this  way,  to  the  inhibition  of  transcription  observed 
with  cisplatin,  followed  by  apoptosis.  Because  p53  is  present  in  the  transcription  complex,  it  may 
be  particularly  sensitive  to  DNA  abnormalities  in  these  regions. 

Using  human  breast  cancer  models  in  nude  mice  for  local  and  metastatic  disease,  we  demonstrated 
that  administration  of  a  replication  impaired  adenovirus  encoding  wild-type  p53  was  effective  in 
combination  with  doxorubicin  in  suppressing  primary  tumor  growth  (following  direct  intratumoral 
delivery  of  vector)  and  suppressing  metastatic  spread  of  tumors  to  the  lung  (following  systemic 
delivery  of  vector).  We  observed  minimal  toxicity  of  the  adenoviral  vector  in  animals  over  the 
course  of  the  treatment  period. 

These  studies  have  led  to  8  scientific  publications,  4  applications  for  further  funding,  and  15 
presentations  at  scientific  meetings  as  abstracts,  posters,  or  oral  presentations  by  the  Principal 
Investigator.  The  work  also  contributed  to  one  patent  application  filed  for  p53  combination 
therapies  involving  DNA  repair  inhibitors  (issued  April  2000). 
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The  Jun  Kinase/Stress-activated 
Protein  Kinase  Pathway 
Functions  to  Regulate  DNA 
Repair  and  Inhibition  of  the 
Pathway  Sensitizes  Tumor  Cells 
to  Cisplatin* 

(Received  for  publication,  January  6,  1997,  and  in  revised  form, 

April  1,  1997) 

Olga  Potapova,  Ali  Haghighi,  Frederic  Host, 
Chaoting  Liu,  Michael  J.  Birrert,  Ruth  Gjerset, 
and  Dan  Mercola§11 

From  the  Sidney  Kimmel  Cancer  Center,  San  Diego, 
California  92121,  the  ^Center  for  Molecular  Genetics, 
University  of  California  at  San  Diego,  La  Jolla, 
California  92093,  and  the  ^Division  of  Biomarkers  and 
Prevention  Research  Branch,  National  Institutes  of 
Health,  Rockville,  Maryland  20850 

We  have  studied  the  role  of  Jun/stress-activated  pro¬ 
tein  kinase  (JNK/SAPK)  pathway  in  DNA  repair  and 
cisplatin  resistance  in  T98G  glioblastoma  cells.  JUN/ 
SAPK  is  activated  by  DNA  damage  and  phosphorylates 
serines  63  and  73  in  the  N-terminal  domain  of  c-Jun, 
which  is  known  to  increase  its  transactivation  proper¬ 
ties.  We  show  that  treatment  of  T98G  glioblastoma  cells 
with  cisplatin  but  not  the  transplatin  isomer  activates 
JNK/SAPK  about  10-fold.  T98G  cells,  which  are  highly 
resistent  to  cisplatin  (IC50  =  140  ±  13  pM),  modified  to 
express  a  nonphosphorylatable  dominant  negative 
c-Jun  (termed  dnJun)  exhibit  decreased  viability  follow¬ 
ing  treatment  with  cisplatin,  but  not  transplatin,  in  pro¬ 
portion  (rpearson  “  0.98)  to  the  level  of  dnJun  expressed 
leading  to  a  7-fold  decreased  ICgQ.  Similar  effects  are 
observed  in  U87  cells,  PC-3  cells,  and  MCF-7  cells,  as  well 
as  in  T98G  cells  modified  to  express  TAM-67,  a  known 
inhibitor  of  c-Jun  function.  In  contrast,  no  sensitization 
effect  was  observed  in  cells  modified  to  express  wild- 
type  c-Jun.  Furthermore,  through  quantitative  polym¬ 
erase  chain  reaction-stop  assays,  we  show  that  dnJun 
expressing  cells  were  inhibited  in  repair  of  cisplatin 
adducts  (p  =  0.55),  whereas  repair  is  readily  detectable 
(p  =  0.003)  in  parental  cells.  These  observations  indicate 
that  the  JNK/SAPK  pathway  is  activated  by  cisplatin- 
induced  DNA  damage  and  that  this  response  is  required 
for  DNA  repair  and  viability  following  cisplatin  treat¬ 
ment.  Regulation  of  DNA  repair  following  genotoxic 
stress  may  be  a  normal  physiological  role  of  the  JNK/ 
SAPK  pathway. 


*  This  work  was  supported  by  Grant  CA  63783  from  the  National 
Cancer  Institute  (to  D.  A.  M.),  by  La  Ligue  Nationale  Centre  le  Cancer 
(to  F.  B.  and  D.  A.  M.),  by  the  Tobacco-Related  Diseases  Research 
Program  of  California  (to  R.  G.),  by  the  U.  S.  Army  Breast  Cancer 
Research  Project  (to  R.  G.),  by  Introgen  Therapeutics,  Inc.  (to  R.  G.), 
and  by  the  Fellowship  Program  of  the  Sidney  Kimmel  Cancer  Center. 
The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the 
payment  of  page  charges.  This  article  must  therefore  be  hereby  marked 
“advertisement”  in  accordance  with  18  U.S.C.  Section  1734  solely  to 
indicate  this  fact. 
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5990;  Fax:  619-450-3251;  E-mail:  74361.2163@compuserve.com. 


JNK/SAPK^  is  part  of  a  kinase  cascade  that  phosphorylates 
the  transcription  factor  c-Jun  at  serine  residues  63  and  73 
(1-9).  Phosphorylation  of  c-Jun  at  these  sites  greatly  enhances 
the  transactivation  potential  of  the  AP-1  binding  sites  (1-4) 
and  AP-1  regulated  genes  in  vivo  (5,  11,  12),  and  there  is 
evidence  suggesting  roles  for  c-Jun  phosphorylation  in  cellular 
transformation  (1,  2),  inflammation  (14),  and  apoptosis  (15). 
The  JNK/SAPK  pathway  is  strongly  stimulated  in  a  dose-de- 
pendent  manner  by  various  DNA  damaging  treatments,  includ¬ 
ing  UV-C  (5,  7-8),  ionizing  radiation  (16),  and  alkylating 
agents  such  as  AT-methyl-Ar'-nitro-AT-nitrosoguanidine  (MNNG) 
(5),  methylmethanesulfonate  (MMS)  (11),  1-^-D-arabinofurano- 
sylcjdosine  (Ara-C)  (17),  and  hydrogen  peroxide  (18).  These 
observations  suggest  that  the  JNK/SAPK  pathway  may  medi¬ 
ate  a  physiological  response  to  DNA  damage  such  as  induction 
of  one  or  more  DNA  repair  enzymes.  Here  we  provide  evidence 
that  the  chemotherapeutic  agent  cisplatin,  which  damages 
DNA  through  the  formation  of  bifunctional  platinum  adducts, 
but  not  transplatin,  which  does  not  damage  DNA  (19,  20), 
activates  JNK/SAPK  up  to  10-fold  in  a  dose-dependent  manner. 
Furthermore,  inhibition  of  this  pathway  in  cells  modified  by 
expression  of  a  nonphosphorylatable  dominant  negative  mu¬ 
tant  of  c-Jun,  dnJun,  blocks  DNA  repair  as  judged  by  quanti¬ 
tative  PCR  and  markedly  decreases  viability  following  treat¬ 
ment  with  cisplatin  but  not  transplatin.  Thus,  JNK/SAPK  is 
activated  by  cisplatin-induced  DNA  damage  and  is  required  for 
DNA  repair  and  survival  following  cisplatin  treatment. 

EXPERIMENTAL  PROCEDURES 

CeWs— Culture  conditions  and  all  cell  lines  and  plasmids  used  here 
were  developed  using  standard  methods  as  described  previously  (22, 
23).  The  expression  of  c-Jun  and  dnJun  was  quantitated  using  the 
methods  (24)  and  antibodies  previously  characterized  (24). 

PCR— The  PCR-stop  assay  (28)  was  used  to  quantitate  cisplatin- 
DNA  adduct  formation  and  subsequent  repair.  The  assay  is  based  on 
the  observation  that  the  efficiency  of  amplification  of  cisplatin-treated 
DNA  is  inversely  proportional  to  the  degree  of  platination.  Genomic 
DNA  was  isolated  immediately  or  6  h  after  treatment  of  cells  for  1  h  15 
min  with  varying  amounts  of  cisplatin  and  amplified  quantitatively 
using  “P-end-labeled  primers,  giving  rise  to  a  2.7-kb  and  a  nested 
0.15-kb  fragment  of  the  hyopxanthine  phosphoribosyl  transferase  gene. 
The  5'  and  3'  primers  were  TGGGATTACACGTGTGAACCAACC  and 
GATCCACAGTCTGCCTGAGTCACT,  respectively,  with  a  5'  nested 
primer  of  CCTAGAAAGCACATGGAGAGCTAG.  The  0.15-kb  segment 
of  genomic  DNA  sustains  undetectable  levels  of  DNA  damage  under  our 
conditions  and  serves  as  an  internal  PCR  control  and  the  basis  for 
normalization  of  the  amount  of  amplification  of  the  2.7-kb  fragment. 
The  number  of  lesions/2. 7-kb  fragment  (i.e.  Fig.  4)  is  calculated  as  1  - 
(cpm  damaged  DNA/cpm  undamaged  DNA)  (8). 

JNK  Assay— MiK  assays  were  carried  out  exactly  as  described  pre¬ 
viously  (7). 

Cytotoxicity— Viability  (29)  was  assessed  by  the  addition  of  cisplatin 
or  transplatin  for  1  h  one  day  after  seeding  test  cells  into  96-well  plates 
followed  by  a  change  of  medium  to  fresh  medium  and  determination  of 
surviving  cells  5  days  later  by  addition  of  MTS  for  1  h  and  determina¬ 
tion  of  A590  „„  of  the  dissolved  formazan  product  as  described  by  the 


The  abbreviations  used  are:  JNK,  c-Jun  N-terminal  kinase;  AP-1, 
activator  protein  complex  1;  cisplatin,  c/s-diaminodichloroplatinum; 
SAPK,  stress-activated  protein  kinase;  MTT,  micro-tetrazolium  (dye) 
test;  transplatin,  frans-diaminodichloroplatinum;  UV-C,  ultraviolet 
light  C  band,  254  nm  maximum  intensity  for  UV  cross-linker  1800; 
dnJUN,  dominant  negative  c-Jun;  PCR,  polymerase  chain  reaction;  kb, 
kilobase  pair;  ATF,  activation  transcription  factor;  CREB,  cAMP  re¬ 
sponse  element  binding  protein;  MTS,  (3-(4,5'-dimethylthiazol-2-yl)-5- 
(3-carboxymethoxylphenyl-2-(4-sulfophenyl)-2H-tetrazolium  inner  salt. 


This  paper  is  available  on  line  at  http://www-jbc.stanford.edu/jbc/ 
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Inhibition  of  JNK/SAPK  Sensitizes  Tumor  Cells 

to  Cisplatin 

A 

Cisplatin 

Transplatin 

B 

c 

-5-  ^  # 

^ 

0°  ^  cf 

97- 

66- 

1  1 

-. :  a:'4 

97  — 

,<5“ 

97-  ^  ' 

45- 

fiH''  " 

45-W«iP 

;$X: . 

-  /fct 

...  ■ 

Fig.  1.  Cisplatin  is  a  stereo-specific  activator  of  JNK.  A,  T98G  human  glioblastoma  cells  were  stored  overnight  in  serum-free  medium, 
plated  the  next  day,  and  treated  by  the  indicated  concentrations  of  cisplatin  or  transplatin  for  1  h  with  a  1-h  chase  period  followed  by  lysis  and 
assay  for  JNK  activity  as  described  (7),  Matching  wells  of  cells  were  harvested  and  counted  (Coulter  counter)  and  used  as  the  basis  for  sample 
loading.  FBS,  fetal  bovine  serum.  B,  positive  control.  T98G  cells  were  exposed  to  the  indicated  doses  of  UV-C  band  (Stratalinker®  UV  cross-linker 
1800)  radiation  and  processed  as  described  for  A.  C,  JNK  activity  of  human  lung  carcinoma  M103  cells  following  treatment  with  200  fiM  cisplatin 
or  transplatin  and  processing  as  described  for  A  with  the  addition  of  a  1-h  chase  prior  to  lysis. 


manufacturer  (Promega).  All  results  were  carried  out  in  quadruplicate, 
and  viability  is  expressed  as  the  ratio  of  the  amount  of  viable  cells 
following  cisplatin  or  transplatin  treatment  to  that  of  the  same  cells 
without  treatment. 

RESULTS 

Activation  ofJNK/SAPK  by  Cisplatin  Requires  BN  A  Adduct 
Formation  — It  is  known  that  cisplatin  but  not  transplatin 
forms  covalent  covalent  cross-links  between  the  position  of 
adjacent  guanine  or  adjacent  adenine-guanine  residues  (19, 
20).  We  find  that  the  JNK  activity  of  T98G  cells  is  elevated  in 
a  dose-dependent  manner  up  to  10-fold  following  a  1-h  expo¬ 
sure  to  cisplatin  but  not  to  transplatin  (Fig.  lA).  As  a  positive 
control  of  the  effects  of  a  DNA-damaging  agent,  we  examined 
the  response  of  JNK  of  T98G  cells  to  UV-C  irradiation  (Fig.  IB) 
and  observed  a  similar  dose-response  relationship.  Cisplatin- 
specific  responses  have  been  observed  in  other  cell  lines  from 
tumor  types  that  are  commonly  refractory  to  cisplatin  treat¬ 
ment  such  as  the  human  nonsmall  cell  lung  carcinoma  lines 
A549  (data  not  shown)  and  M103  (Fig.  1C).  Moreover,  1  h  after 
treatment  with  cisplatin,  but  not  transplatin,  JNK  activity  of 
T98G  cells  or  lung  carcinoma  cells  M103  remains  elevated, 
suggesting  that  treatment  with  cisplatin  leads  to  a  prolonged 
response.  These  results  indicate  that  only  the  DNA-damaging 
cisplatin  isomer  activates  JNK  activity. 

Bominant  Negative  c-Jun  Sensitizes  Tumor  Cells  to  Cisplatin 
but  Not  Transplatin— We  developed  clonal  lines  of  human 
T98G  glioblastoma  cells,  which  stably  express  a  dominant  neg¬ 
ative  inhibitor  (1,  2)  of  the  JNK/SAPK  pathway,  dnJun.  Ex¬ 
pression  of  dnJun  has  no  effect  on  either  basal  AP-1  activity  (1, 
2)  or  on  the  enzyme  activity  of  JNK  (data  not  shown)  but  does 
inhibit  phosphorylation-dependent  activation  of  transcription 
(1,  2,  10,  12).  The  effect  of  cisplatin  treatment  on  the  viability 
of  representative  clonal  lines  of  the  dnJun-expressing  T98G 
cells  is  compared  with  that  of  an  empty  vector  control  line, 
T98GLHCX,  in  Fig.  2A.  The  viability  of  empty  vector  control 
T98G  cells  remains  largely  unaffected  by  treatment  with  in¬ 
creasing  concentrations  of  cisplatin  even  at  doses  of  >70  pM. 
Extended  titrations  revealed  ICgo  values  of  147  and  154  pu  for 
the  parental  cells  and  empty  vector  control  cells,  respectively 
(Table  I).  In  contrast,  the  dnJun  expressing  cells  exhibit  an 
IC50  as  low  as  21  pu  (Fig.  2A)  or  over  7-fold  more  sensitive  to 
cisplatin  than  the  control  cells  (Table  I).  Replicate  experiments 
using  additional  clones  that  exhibit  varying  amounts  of  steady 
state  dnJun  indicate  the  sensitization  to  cisplatin  is  propor¬ 
tional  (rpe„son  ~  0.98)  to  the  amount  of  dnJun  expressed  (Fig. 
2B).  Transplatin  has  no  discernible  effect  at  concentrations 
where  the  viability  following  treatment  with  cisplatin  is  less 
than  25%  (Fig.  3B)  and  in  extended  titrations  no  significant 
effect  at  250  pu,  indicating  that  the  requirements  for  sensiti¬ 
zation  by  dnJun  depends  upon  the  stereospecific  DNA-binding 
properties  of  cisplatin,  similar  to  the  conditions  for  the  activa¬ 
tion  of  JNK. 
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Fig.  2.  dnJun  sensitizes  T98G  cells  to  cisplatin.  A,  viability  assay 
of  empty  vector  control  cells  {•),  wild-type  c-Jun  expressing  cells  (■), 
and  clonal  dnJun-expressing  cells  ( ♦ ).  B,  dose-response  curve  of  the 
jQisputin  gf  dnJun-expressing  clones  of  T98G  cells  versus  total  immu- 
noreactive  c-Jun  (c-Jun  +  dnJun).  Total  immunoreactive  Jun  (c-Jun  -I- 
dnJun)  was  determined  by  sequential  immunoprecipitation  of  ®®S-la- 
beled  cells  using  specific  Jun  B,  Jun  D,  followed  by  pan-Jun  antiserum 
as  described  previously  (24).  Values  above  8.5  are  taken  as  expression 
of  dnJun. 

Expression  of  wild-type  c-Jun  does  not  mimic  dnJun-express¬ 
ing  cells  (Fig.  2A).  In  fact,  the  viability  of  these  cells  when 
treated  with  cisplatin  is  somewhat  increased  relative  to  paren¬ 
tal  or  empty  vector  control  cells  for  all  viability  determinations 
in  the  range  20-60  pU  cisplatin,  suggesting  that  increased 
JNK  substrate  augmented  viability  following  treatment  with 
cisplatin  (Fig.  2A).  Thus,  the  sensitization  to  cisplatin  observed 
for  the  dnJun-expressing  cells  appears  to  correlate  with  inter¬ 
ference  in  the  role  of  activated  c-Jun. 

Generality —We  have  tested  the  generality  of  the  sensitizing 
properties  of  dnJun  in  PCS  prostate  carcinoma  cells  modified  to 
express  dnJun  under  the  control  of  an  inducible  truncated 
metallothionein  promoter  as  described  previously  (21).  Viabil¬ 
ity  studies  show  that  parental  or  empty  vector  control  cells  are 
largely  insensitive  to  cisplatin  at  concentrations  £60  pu  (Fig. 
3A,  circles).  Extended  titrations  revealed  ICgo  values  of  109  and 
156  pu  for  the  parental  and  empty  vector  control  cells,  respec¬ 
tively  (Table  I).  However,  for  PCS  cells  that  stably  express 
pMTdnJun,  the  ICgo  value  is  markedly  reduced  (Fig.  3A,  open 
diamonds).  Further,  induction  of  maximum  expression  of 
dnJun  by  the  addition  of  zinc  acetate  leads  to  greatly  increased 
cytotoxicity  with  an  ICgo  of  16  pU  (Fig.  3B)  or  7.24-9.8-fold 
more  sensitive  to  cisplatin  than  control  cells  (Table  I).  The 
addition  of  zinc  acetate  alone  has  no  effect  on  the  viability  of 
parental  or  empty  vector  control  cells  (Fig.  3A,  filled  circles). 
Thus,  the  results  observed  following  induction  of  expression  of 
dnJun  by  a  single  clonal  line  confirm  the  results  of  Fig.  2B  that 
sensitization  to  cisplatin  is  dependent  upon  the  expression  of 
dnJun. 

As  a  further  control,  we  examined  PC3  prostate  carcinoma 
cells  modified  to  express  a  zinc-inducible  c-Jun  derivative, 
TAM-67,  a  well  characterized  transdominant  negative  inhibi- 
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Table  I 

Sensitization  of  human  tumor  lines  to  cisplatin-induced  cytotoxicity 


IC51J  values  were  determined  by  direct  titration  of  viability  with  cisplatin  as  described  (“Experimental  Procedures”).  None  of  the  cell  lines 
examined  here  were  made  cisplatin-resistant  prior  to  analysis. 


Cell 

Control® 

dnJun-expressing  IC50 

Cisplatin  sensitization* 
(IC5o)^^"^"V{IC5o)'*"'^“” 

IC50 

llM 

T98G  glioblastoma 

Parental 

140  ±  13 

21  ±  3 

7.0 

Empty  vector  pLHCX 

154  ±  13 

7.60 

U87  glioblastoma 

Parental 

130  ±  53 

50  ±  5 

2.6 

Empty  vector  pLHCX 

ND 

PCS  prostate  carcinoma 

Parental 

109  ±  13 

16  ±2 

7.2 

Empty  vector  pMT64AA 

156  ±  18 

9.2 

MCF-7  breast  carcinoma 

Parental 

145  ±  25 

38  ±2 

3.8 

Empty  vector  pLHCX 

101  ±  9 

2.7 

“  In  all  cases  parental  and  empty  vector  cells  were  analyzed  in  parallel  and  with  equal  concentrations  of  cisplatin  and  transplatin  in  the  range 
0-250  pM  all  in  quadruplicate.  Transplatin  had  no  effect  on  viability  of  any  cell.  ND,  not  done. 

*  Sensitization  is  defined  by  the  ratio  of  IC50  values  for  the  parental  or  empty  vector  control  cells  to  the  ICjq  value  of  the  dnJun-expressing  cells. 
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CISPLATIN/TRANSPLATIN  CONCENTRATION  (micromolar) 

Fig.  3.  Sensitization  of  cells  to  cisplatin  is  general  among  cell 
types  and  stereospecific.  A,  comparison  of  the  viability  of  PC3  hu¬ 
man  prostate  carcinoma  cells  modified  to  express  pLHCX  and  the 
empty  vector  pMT64AA  in  the  presence  (■)  or  absence  (•)  of  25  mM  zinc 
acetate  to  clonal  PC3  cells  the  containing  pLHCX  and  either  the  induc¬ 
ible  vector  pMTdnJun  ( ♦ )  or  pMTT AM-67  (A)  both  in  the  presence  of  25 
mM  zinc  acetate.  B,  the  viability  of  parental  and  modified  T98G  cells  in 
the  presence  of  cisplatin  (solid  symbols)  or  transplatin  (unfilled 
symbols). 

tor  of  AP-1  owing  to  a  deletion  of  residues  2-122  (21).  As  with 
dnJun,  induction  of  TAM-67  in  PCS  cells  strongly  enhances 
their  sensitivity  to  cisplatin  (Fig.  3A).  We  have  determined  that 
these  TAM-67  and  dnJun  are  expressed  in  approximately  equal 
amounts,  suggesting  that  the  comparable  degree  of  sensitiza¬ 
tion  for  TAM-67  and  dnJun  (Fig.  3A)  is  accounted  for  by  inter¬ 
ference  in  the  role  of  phosphorylation-related  function  of  c-Jun. 

Similar  results  have  been  observed  with  an  additional  hu¬ 
man  glioblastoma  line,  U87,  and  an  additional  epithelial  tumor 
line,  MCF-7  (Table  I).  Clonal  dnJun-expressing  lines  of  these 
cells  exhibit  2.6-  and  3.8-fold  decreased  ICgg  values,  respec¬ 
tively  (Table  I).  Thus,  the  sum  of  results  indicate  that  the 
JNK/SAPK  pathway  may  have  a  general  role  in  mediating  a 
functional  response  to  DNA-cisplatin  adduct  formation.  Inhibi¬ 
tion  of  this  response  sensitizes  cells  to  the  cell-killing  proper¬ 
ties  of  cisplatin. 

Cisplatin  Activates  and  dnJun  Inhibits  DNA  Repair— We 
assessed  the  extent  of  genomic  DNA  damage  and  repair  follow¬ 
ing  cisplatin  treatment  using  a  modified  PCR  assay  (25).  For 
this  assay,  it  has  been  shown  that  the  degree  of  inhibition  of 
PCR-catalyzed  amplification  of  DNA  purified  from  cisplatin- 
treated  cells  is  a  direct  measure  of  the  amount  of  DNA-cisplatin 
adduct  formation  as  measured  by  atomic  absorption  (25).  Thus, 
this  assay  provides  a  direct  assessment  of  the  extent  of  cispla¬ 
tin-induced  DNA  damage. 

DNA  isolated  from  T98G  cells  immediately  after  treatment 
with  0, 100,  or  200  pM  cisplatin  for  1  h  exhibit  increasing  levels 
of  DNA  damage  (Fig.  4A,  circles).  However,  if  a  6-h  “recovery” 
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Fig.  4.  Expression  of  the  transdominant  inhibitor,  dnJun, 
blocks  cisplatin-induced  DNA  repair.  PCR  results  for  the  2.7-kb 
segment  of  the  hyopxanthine  phosphoribosyl  transferase  gene  was  de¬ 
termined  for  0,  100,  or  200  pM  cisplatin  for  1  h  as  described  (“Experi¬ 
mental  Procedures”)  and  expressed  as  1  -  (normalized  efficiency  of 
PCR  amplification),  a  measure  of  cisplatin-induced  lesions  (10).  A,  PCR 
results  for  T98G  parental  cells  either  immediately  or  6  h  after  treat¬ 
ment  with  cisplatin.  The  results  are  the  averages  of  three  assays  for 
each  of  two  independent  preparations  of  DNA  for  the  three  concentra¬ 
tions  of  cisplatin.  B,  comparison  of  T98G  cells  and  dnJun-expressing 
cells  6  h  after  treatment  with  cisplatin.  The  results  are  the  averages  of 
three  assays.  ABZ,  2-aminobenzidine. 


period  is  introduced  prior  to  the  DNA  purification,  damage  is 
markedly  and  significantly  (p  =  0.003)  reduced  (Fig.  4A,  filled 
circles).  As  a  positive  control  for  the  effects  of  inhibition  of 
genomic  DNA  repair,  an  inhibitor  of  ADP-ribosylation,  2-ami¬ 
nobenzidine,  was  added  at  the  time  of  treatment  of  the  cells 
with  cisplatin  (Fig.  4A,  squares).  Following  the  6-h  recovery 
period,  DNA  damage  remained  unrepaired,  and  total  DNA 
damage  was  substantially  increased.  Next,  we  compared  the 
level  of  DNA  damage  for  T98G  cells  and  dnJun-expressing  cells 
following  treatment  with  cisplatin  (Fig.  4S).  For  the  dnJun- 
expressing  T98G  cells,  6  h  after  cisplatin  treatment  DNA  dam¬ 
age  remains  completely  unrepaired  for  cells  treated  at  either 
100  or  200  /xM  cisplatin  (p  >  0.53).  All  the  results  summarized 
here  (Fig.  4,  A  and  B)  are  the  averages  of  three  independent 
assays,  which  confirms  the  reliability  of  this  observation.  The 
sum  of  results,  therefore,  strongly  indicates  that  expression  of 
dnJun  by  T98G  cells  largely  abolishes  DNA  repair  following 
exposure  of  the  cells  to  cisplatin. 

DISCUSSION 

These  studies  show  that  the  JNK/SAPK  pathway  is  activated 
by  cisplatin-induced  DNA  damage  and  is  required  for  DNA 
repair  and  viability  following  cisplatin  treatment.  T98G  glio¬ 
blastoma  cells  modified  to  express  a  nonphosphorylatable  dom- 
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mant  negative  inhibitor  of  c-Jun,  dnJun,  fail  to  repair  cisplatin 
adducts  and  are  sensitized  to  the  C3rtotoxic  effects  of  cisplatin 
under  conditions  that  have  little  or  no  effect  on  parental  and 
control  lines.  In  contrast,  cell  lines  modified  to  overexpress 
wild-type  c-Jun  are  resistant  to  cisplatin,  an  observation  that 
rules  out  that  possibility  that  the  sensitization  effect  of  dnJun 
is  mediated  by  one  or  more  of  the  domains  it  shares  with 
wild-type  c-Jun.  Moreover,  sensitization  to  cisplatin  by  dnJun 
is  exhibited  by  several  cell  lines  of  var3dng  origins.  Sensitiza¬ 
tion  to  cisplatin  is  also  observed  in  PC-3  prostate  carcinoma 
cells  modified  to  express  TAM-67,  a  known  dominant  negative 
inhibitor  of  AP-1  (21).  Because  the  degree  of  protein  expression 
and  sensitization  is  similar  for  TAM-67  and  for  dnJun,  we 
conclude  that  most  of  the  sensitization  effects  we  observe  are 
accounted  for  by  inhibition  of  the  phosphorylation-related  func¬ 
tions  of  Jun. 

Two  major  types  of  DNA  regulatory  elements  that  respond  to 
the  phosphorylation  state  of  c-Jun  include  classic  AP-1  sites 
and  ATF/CREB  sites.  Classic  AP-1  sites  consisting  of  a  7-base 
pair  consensus  motif,  T(G/T)A(C/G)TCA,  bind  to  AP-1  com¬ 
plexes  consisting  of  heterodimers  of  members  of  the  Fos  and 
Jun  families  and  to  Jun-Jun  homodimers  (9, 13-15,  21,  22,  26). 
ATF/CREB  sites  consisting  of  an  8-base  pair  consensus  motif, 
T(G/A)CGTCA,  bind  to  c-Jun/ATF2  heterodimers.  Indeed,  be¬ 
cause  JNK  phosphorylates  ATF2  as  well  as  c-Jun  and  promotes 
complex  formation  and  binding  to  ATF/CREB  sites,  these  sites 
are  likely  to  be  major  targets  of  JNK-mediated  regulation  (9, 
12,  14,  15).  Several  enzymes  known  to  be  involved  in  repair  of 
DNA-cisplatin  adducts  and  implicated  in  cisplatin  resistance 
(20)  contain  ATF/CREB  sites  in  their  promoters  including  DNA 
polymerase  j3  (27,  28),  topoisomerase  I  (30,  31),  and  proliferat¬ 
ing  cell  nuclear  antigen,  an  accessory  protein  of  DNA  polymer¬ 
ase  delta  (32,  33).  Moreover,  transcription  of  these  genes  is 
known  to  be  activated  through  the  ATF/CREB  sites  upon  stim¬ 
ulation  by  genotoxic  agents  (27-33).  Thus,  the  inhibition  of 
induction  of  any  or  all  of  these  activities  could  account  for  the 
inhibitory  effects  of  dnJun  on  DNA  repair  and  the  resultant 
increase  in  cisplatin  sensitivity.  In  view  of  the  common  regu¬ 
latory  mechanism  involving  ATF/CREB  sites,  a  concerted  in¬ 
duction  of  genes  with  a  related  function,  DNA  repair,  is  sug¬ 
gested.  The  sum  of  results  indicate,  therefore,  that  a  potential 
physiological  role  for  the  strong  activation  of  the  JNK/SAPK 
pathway  following  DNA  damage  may  be  to  mediate  DNA  repair 
by  enhancing  transaction  of  DNA  repair  enzymes. 
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Addendum  —  During  the  review  of  this  manuscript  we  became  aware 
that  activation  of  JNK/SAPK  by  cisplatin  has  been  reported  by  Liu  et  al. 
(Liu,  Z.-G.,  Baskaran,  R.,  Lea-Chou,  E.  T.,  Wood,  L.  D.,  Chen,  Y.,  Karin, 
M.,  and  Wang  J.  Y.  J.  (1996)  Nature  384,  273-276). 
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ABSTRACT 

We  have  examined  the  effects  of  a  replication-defective  adenovirus  encoding  p53  (RPR/INGN  201  [AdSCMV- 
p55];  Adp53),  alone  or  in  combination  with  the  breast  cancer  therapeutic  doxorubicin  (Adriamycin),  to  sup¬ 
press  growth  and  induce  apoptosis  in  breast  cancer  cells  in  vitro.  We  have  also  examined  the  in  vivo  effect  of 
intratumoral  administration  of  Adp53,  alone  or  in  combination  with  doxorubicin,  to  suppress  the  growth  of 
established  subcutaneous  MDA-MB-435  breast  cancer  tumors.  Finally,  using  the  MDA-MB-435  orthotopic 
model  of  metastatic  breast  cancer,  we  have  examined  the  effect  of  systemic  administration  of  Adp53,  alone  or 
in  combination  with  doxorubicin,  to  reduce  the  incidence  of  metastases.  We  find  that  whereas  in  vitro  treat¬ 
ment  of  cells  with  AdpS3  reduces  [^H]thymidine  incorporation  by  about  90%  at  48  hr,  cell  viability  at  6  days 
is  reduced  by  only  some  50%  relative  to  controls.  Although  apoptosis  is  detectable  in  Adp53-treated  cultures, 
these  results  suggest  that  a  large  fraction  of  Adp53-treated  cells  merely  undergo  reversible  cell  cycle  arrest. 
Combined  treatment  with  Adp53  and  doxorubicin  results  in  a  greater  than  additive  loss  of  viability  in  vitro 
and  increased  apoptosis.  In  vivo,  locally  administered  Adp53  suppresses  growth  of  established  subcutaneous 
tumors  in  nude  mice  and  suppression  is  enhanced  by  doxorubicin.  In  the  metastatic  breast  cancer  model,  sys¬ 
temic  administration  of  Adp53  plus  doxorubicin  leads  to  a  significant  reduction  in  the  incidence  of  metastases 
relative  to  Adp53  or  doxorubicin  alone.  Taken  together,  these  data  indicate  an  additive  to  synergistic  effect 
of  Adp53  and  doxorubicin  for  the  treatment  of  primary  and  metastatic  breast  cancer. 


OVERVIEW  SUMMARY 

Adp53  suppresses  viability  of  MDA-MB-435  breast  cancer 
cells  in  vitro  by  a  mechanism  that  involves  reversible  cell 
cycle  arrest  in  a  fraction  of  cells  and  apoptosis  in  a  fraction 
of  cells.  Apoptosis  in  vitro  is  enhanced  by  doxorubicin,  and 
in  vitro  suppression  of  cell  viability  by  the  Adp53  plus  dox¬ 
orubicin  combination  is  greater  than  additive.  In  estab¬ 
lished  subcutaneous  MDA-MB-435  breast  cancer  tumors  in 
nude  mice,  doxorubicin  enhances  suppression  by  intratu- 
morally  delivered  Adp53.  In  the  MDA-MB-43S  orthotopic 
model  for  metastatic  breast  cancer,  doxorubicin  plus  Adp53 
leads  to  a  significant  reduction  in  metastases  compared  with 
Adp53  alone  or  doxorubicin  alone. 

INTRODUCTION 

ONE  OF  THE  CHALLENGES  for  breast  cancer  treatment  today 
is  metastatic  disease,  which  affects  some  50%  of  breast 


cancer  patients  and  is  still  essentially  incurable,  despite  ad¬ 
vances  in  diagnosis,  staging,  and  management  (Hendersin  etal., 
1998).  Metastatic  disease  not  only  evades  conventional  che¬ 
motherapy  through  acquired  drug  resistance,  but  it  also  poses 
a  challenge  for  tumor  suppressor  gene  therapy.  Systemic  de¬ 
livery  of  gene  transfer  vectors  would  be  required  to  treat  met¬ 
astatic  disease,  but  the  potentially  low  gene  transfer  efficiency 
achievable  through  systemic  administration  could  be  a  barrier 
to  efficacy. 

A  biological  approach  that  may  overcome  the  limitations  of 
low  gene  transfer  efficiency  and  have  broad  application  to  a 
large  number  of  cancer  patients,  is  p53  tumor  suppressor  gene 
therapy.  Loss  of  p53  appears  to  play  a  central  role  in  cancer, 
as  it  is  one  of  the  most  frequent  events  in  cancer  (Nigro  et  at., 
1989).  In  breast  cancer,  loss  or  mutation  of  p53  occurs  in  some 
25-40%  of  breast  cancer  patients  (Bartek  et  at.,  1990;  Coles  et 
ciL,  1992;  Singh  etal.,  1993)  and  has  been  associated  with  poor 
prognosis  and  shortened  survival  (Pharoah  et  al.,  1999;  Cuny 
et  al..  2000;  Powell  et  al.,  2000).  In  addition,  loss  of  p53  cor¬ 
relates  with  increased  resistance  to  DNA-damaging  treatments 
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in  fibroblasts  and  hematopoietic  cells  from  p53-null  mice 
(Lotem  and  Sachs,  1993;  Lowe  et  al.,  1993)  and  in  tumors  from 
patients  (O’Connor  etal.,  1997),  consistent  with  the  established 
role  of  p53  as  a  key  mediator  of  apoptosis  in  response  to  stress 
and  DNA  damage  (Eastman  and  Rigas,  1999;  Lakin  and  Jack- 
son,  1999;  May  and  May,  1999).  Numerous  studies  with  a  va¬ 
riety  of  tumor  lines  in  culture  and  numerous  animal  tumor  mod¬ 
els  in  vivo,  have  confirmed  that  p53  gene  transfer  into  tumor 
cells  is  not  only  suppressive  in  itself,  but  also  enhances  the  an¬ 
titumor  effects  of  chemotherapy  (Gjerset  et  al.,  1995;  Dorigo 
et  al.,  1998;  Ferreira  et  al.,  1999;  Lane,  1999;  Gjerset  and 
Mercola,  2000).  Of  particular  interest  is  our  observation  that 
restoration  of  wild-type  p53  expression  in  tumor  celts  that  ex¬ 
press  endogenous  mutant  p53  can  sensitize  these  cells  to  chemo¬ 
therapeutic  drugs,  even  when  p53  is  expressed  at  levels  too  low 
to  significantly  suppress  growth  by  itself  (Gjerset  et  al.,  1995; 
Dorigo  et  al.,  1998). 

Because  therapy  sensitization  occurring  at  low  levels  of  p53 
expression  could  offset  the  potentially  low  efficiency  of  sys¬ 
temic  gene  transfer,  we  reasoned  that  the  therapy  sensitization 
properties  of  p53  could  be  exploited  even  in  the  case  of  meta¬ 
static  disease  where  systemic  delivery  would  be  necessary.  p53 
single-agent  gene  therapy  for  the  treatment  of  several  cancers 
has  now  entered  the  clinical  trial  phase  (dayman  et  al.,  1998; 
Roth  et  al.,  1999;  Swisher  et  al.,  1999).  Many  approaches  have 
employed  adenovirus  as  a  gene  transfer  vector,  chosen  for  its 
unparalleled  gene  transfer  efficiency  and  relative  lack  of  tox¬ 
icity  (Seth  et  al.,  1999).  However,  most  studies  to  dale  have  ex¬ 
amined  the  effects  of  local  or  regional  vector  administration  to 
tumors,  and  have  been  largely  limited  to  cancers  that  could  ben¬ 
efit  from  such  an  approach;  these  studies,  therefore,  have  not 
addressed  the  broader  clinical  problem  of  disseminated  meta¬ 
static  disease. 

In  the  present  study  we  have  tested  the  efficiency  of  p53- 
mediated  suppression  of  breast  cancer  and  p53-mediated  sen¬ 
sitization  to  the  standard  breast  cancer  therapeutic,  doxorubicin, 
using  both  a  subcutaneous  tumor  model  involving  intratumoral 
administration  of  Adp53  (RPR/INGN  201;  Ad5CMV-p5i),  an 
adenoviral  vector  carrying  the  p53  gene,  as  well  as  a  metasta¬ 
tic  tumor  model  involving  systemic  administration  of  Adp53. 
We  find  that  intramural  administration  of  Adp53  to  localized 
tumors  results  in  suppression  of  tumor  growth  that  is  enhanced 
in  the  presence  of  doxorubicin.  When  Adp53  is  delivered  sys- 
temically  in  combination  with  doxorubicin  to  animals  bearing 
mammary  fat  pad  tumors,  we  observe  a  significant  reduction  in 
lung  metastases.  This  indicates  that  potentially  low  levels  of 
p53  expression  following  systemic  administration  need  not  be 
a  barrier  to  effective  application  of  p53  combination  approaches 
for  metastatic  breast  cancer. 

MATERIALS  AND  METHODS 

Cell  line 

A  subclone  of  the  MDA-MB-435  human  beast  cancer  cell 
line  selected  for  metastatic  potential  by  passage  through  nude 
mice  (Price,  1996)  was  provided  by  J.  Price  (M.D.  Anderson 
Cancer  Center,  Houston,  TX).  MDA-MB  435  cells  are  estro¬ 
gen  receptor  negative  and  express  only  mutant  p53  with  a  Gly- 
to-Glu  mutation  at  codon  266  (Lesson-Wood  et  al.,  1995). 


Adenoviral  vectors 

The  vectors  AdLuc  (control),  Ad-^gal,  and  Adp53  (RPR/ 
INGN  201;  Ad5CM V-/>5J)  were  provided  by  Introgen  Thera¬ 
peutics  (Houston,  TX).  Each  vector  was  a  replication-impaired 
adenovirus  in  which  the  ElA  and  ElB  genes  required  for  viral 
replication  were  replaced  by  the  transgene  coding  sequence 
(firefly  luciferase,  Escherichia  coli  LacZ,  or  wild-type  human 
p53,  respectively)  flanked  by  the  cytomegalovirus  (CMV)  (Ad- 
/3gal,  Adp53)  or  Rous  sarcoma  virus  (RSV)  (AdLuc)  promoter 
and  simian  virus  40  (SV40)  polyadenylation  signal.  The  con¬ 
centrations  of  the  vectors  used  for  in  vitro  studies  and  the  me¬ 
tastasis  study  in  viral  particles  (VP)  and  plaque-forming  units 
(PFU)  per  milliliter  were  as  follows;  Adp53;  1.3  X  10'^  VP/ml 
or  1.2  X  10'2  PFU/ml;  AdLuc:  5  X  lO'^  VP/ml  or  2  X  10" 
PFU/ml.  For  the  subcutaneous  tumor  model,  the  concentration 
of  the  Adp53  vector  stock  was  6.55  X  10"  VP/ml  or  3.6  X 
10'®  PFU/ml. 

Chemotherapeutic  drugs 

A  2-mg/ml  solution  of  doxorubicin-HCl  for  injection  (clini¬ 
cal  grade;  Bedford  Laboratories.  Bedford,  OH)  was  obtained 
through  local  pharmacies. 

Cell  culture 

Cell  lines  were  maintained  at  37°C  in  10%  CO2  in  Dul- 
becco’s  modified  Eagle’s  medium  (DMEM)  supplemented  with 
nonessential  amino  acids,  pyruvate,  and  L-glutamine.  Fetal 
bovine  serum  (heat  inactivated  at  56°C  for  30  min)  was  added 
to  10%.  All  media,  additives,  and  serum  were  obtained  from 
Irvine  Scientific  (Santa  Ana,  CA). 

Subcutaneous  tumor  model 

Five-  to  8-week-old  female  nude  mice  were  purchased  from 
Harlan/Sprague  Dawley  (Indianapolis,  IN).  Tumors  were  initi¬ 
ated  on  the  back  of  each  animal  by  subcutaneous  implantation 
of  10®  tumor  cells  in  100  /xl  of  DMEM.  Tumor  growth  was 
monitored  at  2-  to  3-day  intervals  by  measuring  the  length  and 
width  of  the  tumor  with  a  caliper  and  calculating  tumor  volume 
on  the  basis  of  the  following  formula:  volume  =  {l/2)Lw^. 
When  tumors  were  in  the  range  of  20-60  mm^  in  volume,  an¬ 
imals  were  randomized  into  treatment  groups  and  treatment  was 
initiated.  The  first  day  of  treatment  was  designated  as  day  I. 
Tumor  growth  continued  to  be  monitored  by  taking  measure¬ 
ments  at  2-  to  3-day  intervals.  Animals  were  administered  dox¬ 
orubicin  (8  mg/kg)  by  tail  vein  injection  on  days  1  and  15,  and 
Adp53  or  AdLuc  (3  X  10*  PFU  per  tumor  in  100  fi\  of  phos¬ 
phate-buffered  saline  [PBS])  on  days  2,  4,  7  and  16,  18,  21. 

Orthotopic  tumor  model 

An  orthotopic  model  of  beast  cancer  metastasis  described  by 
Price  and  co-workers  was  used  (Price,  1996).  Five-  to  8-week- 
old  female  nude  mice  were  purchased  form  Harlan/Sprague 
Dawley.  Animals  were  anesthetized  with  isofluorane.  A  small 
incision  was  made  in  the  middle  of  the  chest  and  2  X  10®  cells 
in  50  /il  of  DMEM  were  implanted  under  the  skin  in  the  mam¬ 
mary  fat  pad.  The  incision  was  closed  with  a  surgical  staple, 
and  removed  about  1  week  later.  Animals  were  monitored  for 
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tumor  growth  by  measuring  tumors  as  described  above  and  cal¬ 
culating  volumes.  As  described  by  Price  and  colleagues,  some 
80%  of  animals  acquire  lung  metastases  during  the  8  weeks  af¬ 
ter  implantation.  By  8  weeks  most  primary  tumors  had  achieved 
a  size  of  about  800  mm’,  and  were  excised  at  that  time.  Ani¬ 
mals  were  then  randomized  into  treatment  groups  of  six  to  eight 
animals  each  and  were  administered  treatment  (designated  day 
1).  Do,xorubicin  was  administered  intravenously  viathe  tailvein 
on  days  I  and  21  (100  fil  of  a  2-mg/ml  solution,  or  10  mg/kg). 
Vector  (AdLuc  or  Adp53)  was  administered  intravenously  at  2- 
to  3-day  intervals  beginning  on  day  3  and  ending  on  day  46.  A 
total  of  2  X  I0'°  VP  per  injection  was  administered. 

Apoptosis  assay 

An  enzyme-linked  immunosorbent  assay  (ELISA)  (Boeh- 
ringer  Mannheim,  Indianapolis,  IN)  was  used  to  detect  oligonu- 
cleosomal  fragments  released  from  the  nuclei  of  cells  in  the 
early  phases  of  apoptosis,  according  to  the  manufacturer  in¬ 
structions  and  as  previously  described  (Gjerset  et  al.,  1995). 

In  vitro  assays 

In  vitro  drug  sensitivity  was  tested  by  the  MTS  viability 
assay  based  on  the  bioconversion  by  metabolically  active  cells 
of  the  tetrazolium  compound,  MTS  (3-(4,5'-dimethylthiazol- 
2-yl]-5-[3-carboxymethylphenyl]-2-[4-suIfophenyl]'2H-tetra- 
zolium  inner  salt),  into  formazan,  measured  at  490  nm 
(CellTiter  96  Aqueous:  Promega,  Madison,  WI).  Assays  are 
done  in  triplicate  or  quadruplicate  on  at  least  two  independent 
occasions.  Cells  plated  in  24-well  plates  at  a  density  of 
50-70%  were  treated  with  vector  (Adp53  or  Ad-)3gal)  at  vary¬ 
ing  multiplicities  of  infection  (generally  in  the  range  of  100 
PFU  per  cell  for  4  hr  to  overnight  to  achieve  50-70%  trans¬ 
duction  efficiency)  and  then  replated  at  1000  cells  per  well  in 
96-well  plates.  Cells  were  treated  the  next  day  with  various 
doses  of  doxorubicin  for  3  hr.  Plates  were  then  incubated  for 
5-6  days,  during  which  time  control  wells  were  in  exponen¬ 
tial  growth,  followed  by  a  measurement  of  cell  viability.  The 
assay  is  proportional  to  the  number  of  living  cells  in  the  cul¬ 
ture.  In  some  assays,  cells  were  labeled  by  incubation  for  6 
hr  in  the  presence  of  0.5  ;u.Ci  of  [merliy/-’H]thymidine  (6.7 
Ci/mmol;  Dupont  NEN,  Boston,  MA)  per  well,  followed  by 
harvesting  the  cells  onto  glass  fiber  filters  and  determining  the 
incorporation  of  radioactive  label  by  scintillation  counting. 

Immunohistochemical  staining 

Lung  tissue  was  fixed  in  3.7%  buffered  formaldehyde, 
imbedded  in  paraffin,  and  sectioned  onto  slides.  Sections  were 
deparaffined  by  heating  to  60°C  for  1  hr  followed  by  rehydra¬ 
tion  by  sequential  passage  in  xylene,  100%  ethanol,  95%  eth¬ 
anol,  and  80%  ethanol,  followed  by  H2O  and  PBS.  Sections 
were  treated  with  3%  hydrogen  peroxide  for  5-10  min,  and 
blocked  with  Superblock  (Scytec  Laboratories,  Logan,  UT).  Ex¬ 
pression  of  /3-galactosidase  was  detected  by  placing  200  pi  of 
a  1:1000  dilution  of  rabbit  polyclonal  anti-/3-galactosidase  an¬ 
tibody  (5  Prime  — >  3  Prime,  Boulder,  CO)  on  the  section  and 
incubating  at  4°C  for  24  hr.  Slides  were  washed  in  PBS  (3  X 
10  min)  and  incubated  with  biotinylated  goat  anti-IgG  (Multi¬ 
link;  Biogenex,  San  Ramon,  CA)  for  20  min  at  room  tempera¬ 


ture,  washed  in  PBS,  and  incubated  with  peroxidase-conjugated 
streptavidin  (Biogenex)  for  20  min  at  room  temperature.  Slides 
were  washed  in  PBS  and  incubated  with  the  substrate  3-amino- 
9-ethylcarbozole  (Biogenex)  for  color  development  (20  min). 
Slides  were  rinsed  in  deionized  HjO  to  stop  the  color  develop¬ 
ments  and  mounted  with  coverslips  with  aqueous  mounting 
medium  (Biogenex). 

X-Gal  staining  of  frozen  tissue  sections 

Lung  tissue  was  embedded  and  frozen  in  Tissue-Tec  em¬ 
bedding  medium  (Sakura  Finetek  U.S.A.,  Torrance,  CA).  Sec¬ 
tions  were  prepared  on  slides  with  a  cryostat,  and  fixed  in  eth¬ 
anol-acetone  (1:1)  at  -20°C  for  20  min.  Slides  were  then 
washed  with  PBS,  and  sections  were  circled  with  a  PAP  (im- 
munostaining)  pen  and  stained  overnight  at  37°C  with  a  drop 
of  X-Gal  solution  in  PBS  containing  5  mM  potassium  ferro- 
cyanate,  5  mM  potassium  ferricyanate,  and  5-bromo-4-chloro- 
3-indo!yl-/3-D-galactopyranoside  (X-Gal,  I  mg/ml,  dissolved  in 
A/jV-dimethyl  formamide  at  100  mg/ral  and  stored  in  glass  at 
— 20°C).  Slides  were  counterstained  with  nuclear  fast  red,  de¬ 
hydrated  by  sequential  passage  through  ethanol  and  xylene,  and 
mounted  with  coverslips,  using  nonaqueous  mounting  medium. 


RESULTS 

Reversible  in  vitro  growth  suppression  of 
MDA-MB-435  cells  by  Adp53 

Previous  studies  have  demonstrated  a  suppressive  effect  of 
Adp53  on  breast  cancer  cell  lines,  but  have  not  evaluated  the 
relative  contributions  of  cell  cycle  arrest  or  apoptosis.  To  ad¬ 
dress  this  question,  the  growth-suppressive  effects  of  Adp53  on 
MDA-MB-435  cells  (which  express  endogenous  mutant  p53) 
were  evaluated.  Cells  were  treated  in  24-well  plates  with  vary¬ 
ing  amounts  of  Adp53  or  AdLuc  for  different  incubation  times. 
Cells  were  then  replated  in  96-well  plates  in  quadruplicate  for 
each  treatment  condition  as  described  in  Materials  and  Meth¬ 
ods,  and  scored  for  viability  6  days  later  by  the  MTS  assay. 
Viability,  as  represented  as  a  percentage  of  the  viability  of 
mock-treated  control  cells,  is  shown  in  Fig.  lA.  Viability  of 
Adp53-treated  cultures  decreased  with  increasing  multiplicities 
of  infection  and  increasing  treatment  times,  in  contrast  to  Ad- 
Luc-treated  cultures,  where  viabilities  remained  at  80-100%  of 
control  untreated  cells,  regardless  of  the  multiplicity  of  infec¬ 
tion.  Six-day  viability  of  the  culture  was  not  completely  sup¬ 
pressed  by  Adp53  even  at  the  highest  multiplicity  of  infection 
(200  PFU/cell  overnight).  A  shorter  term  [’HJthymidine  assay 
indicated  that  addition  of  Adp53  at  100  PFU/cell  resulted  in  a 
nearly  complete  inhibition  (90%)  of  DNA  synthesis  at  48  hr 
posttreatment  (Fig.  IB),  suggesting  a  high  efficiency  of  gene 
transduction.  The  apparent  recovery  of  viable  cells  at  6  days 
suggests  that  some  cells  underwent  a  reversible  growth  arrest 
rather  than  cell  death,  or  possibly  that  nontransduced  MDA- 
MB-435  cells  overgrew  their  transduced  counterparts  (50-70% 
transduction  efficiency  was  estimated  by  X-Gal  staining  after 
Ad-^gal  transduction  at  a  multiplicity  of  infection  [MOI]  of 
100  PFU/cell,  and  is  likely  to  correspond  to  the  percentage  of 
cells  expressing  high  levels  of  the  transgene). 
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FIG.  1.  (A)  Viability  assay  of  MDA-MB-435  breast  cancer  cells  6  days  after  treatment  with  the  indicated  doses  of  AdLuc  (solid 
columns)  or  Adp53  (open  columns),  and  expressed  as  a  percentage  of  untreated  cell  viability.  Cells  at  70%  confluency  were 
treated  and  replated  in  quadruplicate  in  96-well  plates  at  1000  cells  per  well.  Viability  was  assayed  by  the  MTS  assay  6  days 
from  the  start  of  infection.  A  second  assay  was  performed  with  similar  results.  (B)  Incorporation  of  a  4-hr  pulse  with  [^H]thymi- 
dine,  48  hr  after  the  start  of  treatment  with  AdLuc  or  Adp53  (100  PFU/cell  overnight).  Cells  were  treated  and  replated  in  96-well 
plates  as  in  (A). 


Enhanced  doxorubicin-induced  apoptosis  of 
MDA-MB-435  cells  by  p53 

Because  p53  is  known  to  enhance  DNA  damage-induced 
apoptosis  and  because  doxorubixin  acts  in  part  through  the  in¬ 
duction  of  DNA  damage,  including  intercalation,  and  covalent 
adduct  formation  (Phillips  era/.,  1989),  we  asked  whether  p53 
expression  would  enhance  doxorubicin-mediated  growth  sup¬ 
pression  and  apoptosis.  Figure  2A  shows  the  results  of  a  via¬ 
bility  assay  performed  6  days  after  treatment  of  cells  with 
Adp53  or  AdLuc  at  100  PFU/cell  for  4  hr  or  overnight,  and  5 
days  after  treatment  with  varying  doses  of  doxorubicin.  Results 
are  expressed  relative  to  the  6-day  cell  viability  of  the  lowest 
AdLuc  treatment  (100  PFU/cell;  4  hr)  in  the  absence  of  dox¬ 
orubicin  and  are  the  averages  of  quadruplicate  wells.  As  shown 
in  Fig.  2A,  Adp53  treatment  led  to  a  dose-dependent  loss  of  vi¬ 
ability  that  was  enhanced  in  the  presence  of  doxorubicin.  To 
determine  whether  this  loss  of  viability  correlated  with  induc¬ 
tion  of  apoptosis,  we  carried  out  an  apoptosis  assay  designed 
to  detect  the  release  of  oligonucleosomal  fragments  from  the 
nucleus  to  the  cytoplasm  of  cells  undergoing  apoptosis.  Cells 
treated  with  adenoviral  vector  at  100  PFU/cell  were  treated  24 
hr  later  with  doxorubicin,  and  harvested  24  hr  after  doxorubicin 
treatment  (i.e.,  48  hr  after  vector  treatment).  At  the  dose  of  dox¬ 
orubicin  used  (0. 1  /xM),  little  apoptosis  was  observed  in  the  Ad¬ 
Luc  +  doxorubicin-treated  cells.  This  suggests  that  the  loss  of 
viability  we  observed  with  this  treatment  in  Fig.  2A  might  be 
a  result  of  nonapoptotic  cell  death  or  of  transient  arrest  of  the 
cell  cycle.  In  contrast,  apoptosis  was  readily  detectable  in  cells 
treated  with  Adp53  and  increased  with  the  addition  of  0. 1  pM 
doxorubicin.  Overall  release  of  nuclear  oligonucleosomes  in¬ 
creased  some  3-  to  5-fold  in  cells  treated  with  both  Adp33  and 
doxorubicin,  and  of  this,  doxorubicin-specific-apoptosis  ac¬ 


counted  for  some  20-40%  (Fig.  2B).  Thus  the  apoptosis 
achieved  by  the  combination  of  Adp53  +  doxorubicin  was 
greater  than  the  sum  of  what  was  obtained  by  Adp53  or  dox¬ 
orubicin  (in  the  presence  of  AdLuc  control  vector). 

Inhibition  of  subcutaneous  tumor  growth  by  Adp53  in 
the  presence  and  absence  of  doxorubicin 

A  subcutaneous  tumor  model  was  used  to  extend  the  in  vitro 
observations  to  an  in  vivo  model  and  to  provide  a  point  of  ref¬ 
erence  for  the  subsequent  metastasis  model.  For  the  subcuta¬ 
neous  model,  10®  MDA-MB-435  cells  were  implanted  under 
the  skin  of  the  back  of  female  nude  mice  (Price,  1996).  About 
10  days  postimplantation,  or  when  the  average  tumor  size  was 
about  40  mm^,  animals  were  randomized  into  four  groups  of 
nine  animals  each  and  administered  treatment.  Doxorubicin  was 
administered  intravenously  (80  ^il  of  a  2-mg/ml  solution,  or  8 
mg/kg)  on  days  1  and  15.  Vector  (Adp53  or  AdLuc  at  3  X  10* 
PFU  per  animal)  was  administered  intratumorally  (in  100  pi  of 
PBS)  on  days  2,  4,  and  7,  and  again  on  days  16,  18,  and  21. 
Tumors  were  measured  at  2-  to  3-day  intervals  and  volumes 
were  calculated  and  plotted  in  Fig.  3.  We  observed  the  great¬ 
est  suppression  of  tumor  growth  in  the  Adp53  +  doxorubicin 
treatment  group  over  the  entire  time  course  of  the  study.  A  one¬ 
way  analysis  of  variance  (ANOVA)  was  used  to  analyze  the 
significance  of  the  difference  among  data  sets  on  different  days, 
followed  by  a  pairwise  Student  t  test.  We  found  significant  dif¬ 
ferences  (p  <  0.05)  between  the  Adp53  -t-  doxorubicin  group 
and  the  Adp53  group  on  days  7,  9,  and  1 1  (following  the  first 
cycle  of  treatment)  and  again  on  days  18,  23,  25,  and  28  (fol¬ 
lowing  the  second  cycle  of  treatment).  In  addition,  on  days  18, 
23, 25,  and  28  we  also  observed  significant  differences  between 
the  Adp53  -b  doxorubicin  group  and  each  of  the  other  three 
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FIG.  2.  (A)  Viability  assay  of  MDA-MB-435  breast  cancer  cells  treated  as  in  Fig.  1  with  Adp53  or  AdLuc  at  100  PFU/cell  for 
4  hr  or  overnight,  followed  by  replating  in  quadruplicate  in  96-well  plates.  After  attachment,  cells  were  treated  with  the  indicated 
concentrations  of  doxorubicin  (3  hr).  Viability  was  assayed  by  the  MTS  assay  6  days  from  the  start  of  infections.  Viability  is  ex¬ 
pressed  as  a  percentage  of  the  viability  of  cells  treated  only  with  AdLuc.  (B)  Apoptosis  assay  measuring  release  of  oligonucle- 
osomal  fragments  from  the  nucleus.  Cells  were  treated  as  indicated  with  AdLuc  or  Adp53  and  cytoplasmic  extracts  were  pre¬ 
pared  48  hr  from  the  start  of  treatment  and  assayed  for  release  of  oligonucleosomal  fragments.  Results  are  expressed  as  the  fold 
increase  relative  to  untreated  cells. 


treatment  groups  (p  <  0.05).  In  contrast,  on  days  1 8-28,  no  sig¬ 
nificant  differences  were  observed  between  the  Ad  p53,  Ad¬ 
Luc,  and  AdLuc  +  doxorubicin  treatment  groups,  indicating 
that  the  Adp53  +  doxorubicin  combination  led  to  increased 
suppression  of  tumor  growth. 

Inhibition  of  breast  cancer  metastases  by  Adp53 
and  doxorubicin 

To  determine  whether  systemically  administered  Adp53  in 
combination  with  doxorubicin  improved  the  outcome  for  met¬ 
astatic  disease,  we  employed  an  orthotopic  mammary  fat  pad 
breast  cancer  model  in  nude  mice  (Price,  1996).  The  metasta¬ 
tic  clone  of  MDA-MB-435  cells  used  in  this  study  gives  rise  to 
lung  metastases  after  orthotopic  implantation  of  tumor  cells  in 
the  mammary  fat  pad  of  female  nude  mice  (Fig.  4C,  right),  pro¬ 
viding  a  model  to  examine  the  effects  of  systemic  administra¬ 
tion  of  Adp53.  To  assess  the  potential  of  adenovirus  as  a  sys¬ 
temic  gene  transfer  vector,  we  injected  Ad)3gal  intravenously 
(10’  PFU)  via  the  tail  vein  of  mice  and  examined  the  transfer 
of  the  jS-galactosidase  gene  to  lung  tissue.  Figure  4A  shows  an 
X-Gal-stained  thin  section  of  the  lung  of  an  animal  48  hr  after 
receiving  intravenous  Ad-/3gal,  with  heavy  staining  indicating 


expression  of  )3-galactosidase.  Figure  4B  shows  the  results 
when  a  paraffin-imbedded,  formaldehyde-fixed  section  of  the 
same  lung  was  immunostained  with  an  anti-/3-galactosidase an¬ 
tibody  (Fig.  4B,  left).  A  similarly  treated  section  of  normal 
mouse  lung  was  shown  for  comparison  (Fig.  4B,  right).  This 
indicates  that  adenovirus  administered  intravenously  is  able  to 
reach  the  lung  and  transduce  the  )3-galactosidase  gene  to  lung 
epithelium,  supporting  the  use  of  intravenous  Adp53  for  the 
treatment  of  lung  metastases. 

We  then  tested  the  efficacy  of  Adp53  +  doxorubicin  com¬ 
bination  therapy  in  eradicating  breast  cancer  lung  metastases. 
Cells  (5  X  10*)  were  implanted  in  the  mammary  fat  pads  of  fe¬ 
male  nude  mice.  At  8  weeks  postimplantation  primary  tumors 
that  had  attained  a  size  of  600-900  mm*  were  excised,  although 
these  tumors  grew  back  in  the  second  half  of  the  experiment. 
At  9.5  weeks  postimplantation,  animals  were  randomized  into 
treatment  groups  of  seven  or  eight  animals  each  and  treatment 
was  initiated  (day  1).  Doxorubicin  (10  mg/kg,  maximum  toler¬ 
ated  dose)  was  administered  intravenously  on  days  1  and  21. 
Vector  was  administered  at  2-  to  3-day  intervals  for  the  dura¬ 
tion  of  the  experiment  (from  day  3  and  ending  on  day  46).  To 
equalize  potential  vector-related  toxicities  resulting  from  sys¬ 
temic  administration  of  vector,  we  administered  equivalent 
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FIG.  3.  Subcutaneous  model  of  MDA-MB-435  breast  cancer  in  nude  mice.  Tumors  were  established  in  female  nude  mice  by 
subcutaneous  implantation  of  10®  cells  and  allowed  to  grow  to  an  average  size  of  40  mm-^.  Animals  with  established  tumors  were 
randomized  into  four  treatment  groups  of  nine  animals  each  and  treatment  was  initiated  (day  1).  Each  group  received  intratu- 
moral  injection  of  vector  (3  X  10*  PFU  of  AdLuc  or  Adp53  in  100  pA  of  PBS)  on  days  2,  4,  and  7  and  again  on  days  16,  18, 
and  21  (vertical  lines).  Two  groups  also  received  intravenous  injection  of  100  p\  of  doxorubicin  (8  mg/kg)  on  days  1  and  15. 
Tumor  volumes  were  monitored  at  2-  to  3-day  intervals. 


amount  of  vector  to  control  (AdLuc)  animals  and  Adp53  ani¬ 
mals  (2.5  X  10'°  VP  of  vector  per  animal  per  injection  in  100 
;al  of  PBS).  This  corresponded  to  3  X  10*  PFU  in  the  case  of 
Adp53  and  10°  PFU  in  the  case  of  AdLuc. 

Metastases  were  monitored  at  15-16  weeks  postimplantation 
(i.e.,  7-8  weeks  after  tumor  excision)  by  killing  the  animals, 
removing  the  lungs,  and  fixing  the  lungs  in  10%  formaldehyde 
for  paraffin  embedding  and  histological  analysis.  Longitudinal 
and  transverse  sections  were  prepared  and  analyzed  for  the  in¬ 
cidence  of  metastases  (Table  1).  As  shown  in  Table  1,  lung 


metastases  were  observed  in  all  treatment  groups  except  the 
group  that  had  been  treated  with  Adp53  +  doxorubicin.  The 
Fisher  exact  probability  test  was  used  to  examine  the  signifi¬ 
cance  of  the  differences  in  incidence  of  metastases  between  the 
different  treatment  groups.  A  significant  difference  was  ob¬ 
served  between  the  Adp53  +  doxorubicin  and  the  Adp53 
groups  ip  <  0.05),  indicating  that  the  Adp53  +  doxorubicin 
combination  could  reduce  the  incidence  of  metastases.  A  sig¬ 
nificant  difference  was  also  observed  between  the  Adp53  -t- 
doxorubicin  and  the  doxorubicin  groups  (p  <  0.05).  In  contrast. 


FIG.  4.  (A)  Frozen  section  of  lung  taken  from  a  mouse  killed  48  hr  after  intravenous  injection  of  10°  PFU  of  Ad^gal.  Section 
is  stained  with  X-Gal  and  shows  area  of  staining.  (B)  Formaldehyde-fixed,  paraffin-imbedded  section  of  lung  from  a  mouse  killed 
48  hr  after  intravenous  injection  of  Ad^gal  as  in  (A),  followed  by  immunohistochemical  staining  for  /3-galactosidase  (left)-  A 
similarly  treated  section  of  lung  from  an  animal  that  did  not  receive  vector  is  also  shown  (right).  (C)  Formaldehyde-fixed,  paraf¬ 
fin-imbedded,  and  hematoxylin-eosin-stained  section  of  lung  of  a  nude  mouse  implanted  in  the  mammary  fat  pad  16  weeks  ear¬ 
lier  with  5  X  10*  MDA-MB-435  cells  (right),  with  metastatic  mass  appearing  in  the  lower  half  of  the  panel.  Normal  mouse  lung 
is  shown  in  the  left  panel. 
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Table  1.  Incidence  of  Lung  Metastases  in  Nude  Mice,“  16  Weeks  after  Mammary 
Fat  Pad  Implantation  of  10^  MDA-MB-435  Breast  Cancer  Cells*" 


No.  per 

Incidence 

Average  animal 

Animal  group 

group 

(histology)  (%) 

p  Value 

weight  (g) 

No  treatment 

8 

38 

>0.5 

26 

Dox 

8 

50 

26 

Adp53 

8 

50 

<0.05 

26 

Adp53  +  dox 

7 

0 

24 

AdLuc 

8 

38 

>0.5 

26 

AdLuc  +  dox 

6  (2  deaths) 

17 

26 

“Percentage  of  animals  with  metastases. 

'’Treatment  was  initiated  8  weeks  post-implantation  of  tumor  cells,  and  just  after  excision  of  the 
primary  tumors.  Treatment  consisted  of  vector,  10"  viral  particles  (10’  PFU)  of  p53  adenovirus  (or 
AdLuc  control)  administered  3  times  per  week  by  tail  vein  injection.  Some  of  the  animals  received 
doxorubicin  intravenously  (100  yA  of  a  2-mg/ml  stock,  or  10  mg/kg)  on  days  1  and  21. 


no  significant  differences  were  observed  between  the  no  treat¬ 
ment  group  and  doxorubicin  only  groups,  or  between  the  Ad¬ 
Luc  group  and  the  AdLuc  -f-  doxorubicin  group,  as  indicated  in 
Table  1.  While  some  micrometastases  could  have  been  missed 
by  random  sampling,  and  while  we  cannot  rule  out  the  possi¬ 
bility  that  micrometastases  undetectable  at  16  weeks  postim¬ 
plantation  may  have  become  detectable  at  later  time  points  in 
the  Adp53  +  doxorubicin  group,  the  extended  period  of  time 
that  elapsed  from  implantation  argues  strongly  that  mi¬ 
crometastases  had  been  suppressed  by  the  treatment.  This  pos¬ 
sibility  is  also  consistent  with  the  in  vitro  studies  showing  that 
the  combination  of  Adp53  and  doxorubicin  promoted  apopto¬ 
sis  to  a  greater  extent  than  Adp53  or  doxorubicin  alone,  thereby 
reducing  the  likelihood  of  reversible  cell  cycle  arrest. 

Two  deaths  that  occurred  in  the  AdLuc  +  doxorubicin  treat¬ 
ment  group  appeared  to  be  disease  related.  Because  these  ani¬ 
mals  were  not  analyzed  for  lung  metastases,  the  incidence 
scored  for  that  group  (Table  1)  could  underrepresent  the  actual 
incidence  for  that  group. 

Overall  toxicity,  assessed  by  weighing  the  animats  at  the  end 
of  the  treatment  (Table  1),  was  minimal,  as  all  groups  showed 
similar  average  weights.  Toxicity  to  the  liver,  the  organ  pref¬ 
erentially  targeted  by  adenovirus  in  the  mouse  after  intravenous 
administration,  was  assessed  by  histological  examination  of 
formaldehyde-fixed  liver  sections  (13  days  after  the  final  vec¬ 
tor  treatment).  No  pathological  diagnoses  or  any  referable  ob¬ 
servations  were  made  (Fig.  5).  Nonspecific  splenitis  (not 
shown),  typical  of  animals  undergoing  procedures,  occurred  in 
all  animals  including  controls. 

DISCUSSION 

This  study  demonstrates  that  systemic  administration  of 
Adp53  to  nude  mice  bearing  mammary  fat  pad  tumors  has  syn¬ 
ergistic  antimetastatic  activity  and  minimal  toxicity  when  used 
in  combination  with  the  standard  breast  cancer  chemothera¬ 
peutic  doxorubicin.  When  administered  locally  to  subcutaneous 
tumors,  Adp53  as  a  single  agent  delivered  intratumorally  also 
was  effective  in  reducing  tumor  growth,  and  its  antitumor  ef¬ 
fect  was  enhanced  in  the  presence  of  doxorubicin,  consistent 


with  previous  studies  (Nielsen  et  al.,  1998;  Gumani  et  al., 
1999).  In  the  metastatic  model,  however,  Adp53  single-agent 
treatment  was  not  effective  in  reducing  the  incidence  of  lung 
metastases,  possibly  because  the  levels  of  p53  transgene  ex¬ 
pression  were  subthreshold  for  the  induction  of  apoptosis.  Pre¬ 
vious  studies  have  demonstrated  the  efficacy  of  systemic  ad¬ 
ministration  of  liposomal  p53  DNA  complexes  in  reducing 
growth  of  human  breast  tumors  in  nude  mice  (Lesson-Wood  et 
al.,  1995;  Xu  et  al.,  1997;  Liu  et  al.,  1999).  In  addition,  sys¬ 
temic  administration  of  Adp53  has  been  shown  to  inhibit  met¬ 
astatic  lung  cancer  in  nude  mice  (Kataoka  et  al.,  1998).  How¬ 
ever,  systemic  administration  of  Adp53  alone  or  in  combination 
with  chemotherapy  for  the  treatment  of  breast  cancer  metas¬ 
tases  has  not  previously  been  evaluated.  The  present  results 
show  significant  suppression  of  the  incidence  of  metastatic 
growth  by  Adp53  and  doxorubicin  even  under  conditions  in 
which  Adp53  and  doxorubicin  have  little  or  no  effect  as  single 
agents  on  metastatic  growth.  Together  with  the  in  vitro  assays 
showing  that  Adp53  treatment  of  cells  enhances  doxorubicin- 
induced  apoptosis,  the  in  vivo  studies  suggest  a  synergistic 
mechanism  of  action  of  the  two  agents.  While  the  clonal  nature 
of  this  model  system  may  not  accurately  reflect  the  hetero¬ 
geneity  of  p53  status  of  a  naturally  occurring  tumor,  we  have 
observed  that  even  wild-type  p53-expressing  tumor  cells  can  be 
suppressed  by  overexpression  of  ectopic  p53  (R. A.  Gjerset  and 
T.  Tyler,  unpublished),  suggesting  that  the  suppression  we  ob¬ 
serve  in  the  MDA-MB-435  model  system  will  extend  to  het¬ 
erogeneous  naturally  occurring  tumors  as  well. 

Doxorubicin  (Adriamycin)  is  an  anthracycline  antibiotic, 
whose  cytotoxicity  derives  from  multiple  modes  of  action,  in¬ 
cluding  direct  damage  to  DNA.  Doxorubicin  is  able  to  bind  to 
DNA  through  intercalation  of  the  planar  anthracycline  moiety 
with  the  DNA  double  helix.  Its  polycyclic  ring  structure  and 
hydroxyl  side  groups  would  predispose  it  to  the  formation  of 
oxygen  free  radicals,  which  could  also  promote  oxidative  dam¬ 
age  to  DNA.  Because  doxorubicin  is  lipophilic  and  can  also  in¬ 
teract  with  cellular  membranes  as  well  as  plasma  proteins,  it 
can  have  an  antiangiogenic  effect  on  tumor  cell  vasculature 
(Steiner,  1992),  as  well  as  a  direct  effect  on  tumor  cell  metab¬ 
olism.  p53  may  also  have  antiangiogenic  effects  through  tran¬ 
scriptional  activation  of  the  antiangiogenic  factor  thrombo- 
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FIG.  5.  Formaldehyde-fixed,  paraffin-imbedded,  and  hematoxylin-eosin-stained  section  of  liver  taken  from  mice  killed  at  the 
termination  of  the  experiment  described  in  Table  1.  Sections  correspond  to  the  following:  (A)  Adp53-treated  animal;  (B)  AdLuc- 
treated  animal;  (C)  Adp53  +  doxorubicin-treated  animal;  (D)  AdLuc  -t-  doxorubicin-treated  animal;  (E)  doxorubicin-treated  an¬ 
imal;  (F)  control  animal  (untreated). 


spondin,  and  through  downregulation  of  VEGF  (vascular  en¬ 
dothelial  cell  growth  factor,  and  NOS  (nitrous  oxide  synthetase) 
(Chiarugi  etal.,  1998).  In  some  cases  the  marked  antitumor  ac¬ 
tivity  of  p53  gene  therapy  in  animal  tumor  models  despite  low 
efficiencies  of  gene  transfer  has  correlated  with  reduced  vas¬ 
cularization  of  wild-type  p53-expressing  tumors  (Nishizaki  et 
at,  1999).  The  MDA-MB-435  tumor  model  used  in  this  study 
was  not  highly  vascularized,  as  determined  by  visual  examina¬ 
tion  of  tumors,  as  well  as  by  immunohistochemical  staining  of 
formaldehyde-fixed  tumor  sections  for  the  vascular  endothelial 
cell  surface  protein  PE-CAM  (our  unpublished  data).  This  sug¬ 
gests  that  differences  in  vascularization  are  unlikely  to  account 
for  the  differences  in  tumor  growth  observed  between  the  dif¬ 
ferent  treatment  groups.  Our  studies  support  a  model  in  which 
p53  and  doxorubicin  act  at  least  in  part  on  the  same  DNA  dam¬ 


age  pathway  to  lower  threshold  levels  of  each  needed  to  induce 
apoptosis.  These  results  are  consistent  with  studies  in  which 
p53  was  seen  to  induce  apoptosis  in  proportion  to  the  extent  of 
DNA  damage  (Chen  et  ciL,  1996).  Thus  even  under  conditions 
in  which  little  growth  suppression  occurs  by  p53  alone,  a  greater 
than  additive  combined  effect  is  possible  in  the  presence  of  dox¬ 
orubicin. 

While  the  experiments  presented  here  demonstrate  the  po¬ 
tential  of  systemic  administration  of  p53  adenovirus  in  combi¬ 
nation  with  doxorubicin  in  treating  metastatic  breast  cancer,  the 
clinical  application  of  this  approach  may  be  enhanced  by  steps 
that  enhance  serum  half-life  of  the  vector  or  reduce  its  im- 
munogenicity.  Targeted  vectors  with  modified  capsids  enabling 
preferential  accumulation  and  internalization  into  tumor  cells 
may  help  to  reduce  immunogenicity  and  decrease  toxicity 
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(Bilbao  et  al.,  1998).  Transcriptional  targeting  may  further  en¬ 
hance  the  selective  expression  in  tumor  cells.  PEGylation  of  ad¬ 
enovirus,  in  which  surface  antigens  on  the  virus  capsid  are  co¬ 
valently  modified  with  polyethylene  glycol,  has  also  been 
effective  in  protecting  the  vector  from  neutralizing  antibody 
(O’Riordan  et  al.,  1999).  Administration  of  adenovirus  vectors 
to  humans  does  not  invariably  evoke  a  systemic  anti-adenovi¬ 
rus  neutralizing  antibody,  however  (Harvey  et  al.,  1999).  Fur¬ 
thermore,  preexisting  humoral  and  cellular  immunity  to  adeno¬ 
viral  proteins  did  not  preclude  gene  transfer  after  intrapleural 
administration  of  adenovirus  in  a  phase  I  trial  of  suicide  gene 
therapy  for  mesothelioma  (Molnar-Kimber  et  al.,  1998),  nor  has 
it  abrogated  transduction  or  transgene  expression  after  intratu- 
moral  administration  (dayman  et  al.,  1998;  Swisher  et  al., 
1999;  Nemunaitis  et  al.,  2000).  For  example,  in  the  phase  I  clin¬ 
ical  trial  for  non-small  cell  lung  carcinoma  (Swisher  et  al., 
1999),  and  the  phase  I  clinical  trial  for  head  and  neck  cancer 
(dayman  et  al.,  1998),  patients  received,  respectively,  one  in¬ 
jection  per  month,  and  six  injections  over  a  2-week  period  re¬ 
peated  monthly,  and  some  patients  received  treatment  for  as 
long  as  6-7  months.  Systemic  circulation  of  Adp53  was  ob¬ 
served  in  patients  after  intratumoral  injection  (Nemunaitis  et 
al.,  2000).  In  both  studies,  investigators  demonstrated  gene 
transduction  and  transgene  expression  in  biopsy  material  from 
patients  with  elevated  antibody  titers.  Thus  the  immunogenic- 
ity  of  adenovirus  may  not  pose  an  absolute  barrier  to  systemic 
administration. 

It  is  becoming  increasingly  evident  that  the  therapy-resis¬ 
tance  phenotype  characteristics  of  tumor  cells  is  closely  linked 
to  the  underlying  mechanism  of  cancer.  Many  of  the  gene 
changes  known  to  promote  cellular  transformation  and  tumor 
progression,  including  loss  of  wild-type  p53  function,  activa¬ 
tion  of  the  ras  oncogene,  and  overexpression  of  Her-2/rteu,  also 
contribute  to  drug  resistance  (McKenna  et  al.,  1990;  Tsai  et  al., 
1996;  O’Connor  et  al.,  1997).  In  this  study  we  focused  on  the 
p53  tumor  suppressor  because  the  high  frequency  with  which 
it  is  lost  in  cancer  points  to  a  central  role  in  tumor  suppression 
and  therapy  responsiveness.  The  fact  that  loss  of  p53  is  also  as¬ 
sociated  with  increased  genome  instability  (Donehower  et  al., 
1995)  suggests  that  loss  of  p53  renders  cells  permissive  for  ge¬ 
nome-destabilizing  events  involving  strand  breaks.  Thus  fail¬ 
ure  of  p53-mediated  DNA  damage-induced  apoptosis  promotes 
both  survival  of  tumor  cells  with  unstable  genomes,  and  resis¬ 
tance  to  DNA-damaging  chemotherapeutic  drugs. 

These  data  are  particularly  relevant  for  metastatic  disease, 
where  therapy  resistance  is  the  primary  reason  for  treatment  fail¬ 
ure.  Reversal  of  resistance  may  be  possible  through  the  applica¬ 
tion  of  systemic  biological  approaches  such  as  p53  gene  therapy, 
which  target  the  DNA  damage  response,  and  provide  an  oppor¬ 
tunity  to  fully  exploit  the  potential  of  conventional  therapies. 
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GLOSSARY 

apoptosis  a  gene-activated  process  resulting  in  physiological 
or  “programmed"  cell  death.  Apoptosis  was  initially  defined 
by  characteristic  morphological  criteria,  including  cell 
shrinkage,  membrane  “blebbing,”  and  nuclear  fragmenta¬ 
tion.  Anticancer  agents,  including  radiation,  kill  cells  by 
inducing  apoptosis. 

bax  a  member  of  the  bd2  gene  family  and  an  important  compo¬ 
nent  in  the  regulation  of  apoptosis.  In  association  with  bdZ, 
bax  forms  a  heterodimer  that  blocks  the  anti-apoptotic  activ¬ 
ity  of  bd2 . 


bcl2  a  cellular  gene  whose  expression  inhibits  apoptosis.  An 
oncogene  in  follicular  B  cell  lymphoma  where  failure  of 
apoptosis  is  due  to  upregulated  expression  of  the  bd2  gene 
as  a  result  of  a  chromosomal  translocation  t(18;14)  that 
places  the  bd2  gene  under  the  control  ot  the  immunoglobu¬ 
lin  promoter. 

C-fos  a  cellular  gene  whose  gene  product  is  a  component  of 
the  AP-1  transcription  factor  involved  in  signal  transduction 
pathways  for  DNA  repair  and  cell  proliferation. 

cyclin-dependent  kinases  (CDKs)  proteins  required  for 
cell  cycle  progression  that  regulate  cellular  proliferation. 

GADD45  an  inducible  DNA  repair  component  of  the  p53- 
mediated  response  to  DNA  damage.  p53  induces  the  expres¬ 
sion  of  GADD45,  whose  gene  product  associates  with  prolif¬ 
erating  cell  nuclear  antigen  (PCNA),  a  protein  involved  in 
DNA  repair. 

multiple  drug  resistance  gene  (MDR1)  a  gene  that  en¬ 
codes  an  energy-dependent  efflux  pump  (P-glycoprotein)  for 
hydrophobic  cytotoxic  drugs  such  as  adriamycin,  vincristine, 
etoposide  and  taxol.  Expression  of  P-glycoprotein  is  elevated 
in  many  tumor  cell  lines  and  surgical  specimens. 
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p16  a  cell  cycle  regLilator^'  protein,  whose  loss  is  a  feature  of 
some  cancers  and  most  cultured  tumor  cell  lines.  pl6  appears 
to  specifically  inhibit  cyclin-dependent  kinase  4,  required 
for  progression  into  S  phase. 

p21{waf-1,  dpi,  Sdi  1)  a  gene  product  that  is  an  inhibitor 
of  several  cyclin-dependent  kinases  required  for  cell  cycle 
progression  and  is  a  potent  cell  cycle  suppressor  by  itself.  As 
with  GADD45,  p53  induces  the  expression  of  p2I  which 
also  associates  with  PCNA. 

p53  a  tumor  suppressor  gene  which  is  abnormal  in  approxi¬ 
mately  half  of  all  cancers.  A  central  regulatory  gene  encoding 
a  protein  involved  in  cell  proliferation,  DNA  repair,  and 
apoptosis. 

proliferating  cell  nuclear  antigen  (PCNA)  a  nuclear  pro¬ 
tein  associated  with  CDK  complexes  and  involved  in  DNA 
replication  and  repair.  PCNA  associates  with  the  p53- 
induced  proteins  GADD45  and  p21. 
wild  type  a  genetic  term  designating  the  normal  or  nonmu- 
tated  form  of  a  gene  or  gene  product. 

TTraditional  cancer  therapy  has  relied  heavily  on 
chemotherapy  and  radiation  treatment  for  decades. 
Despite  the  introduction  of  new  and  more  effective 
drugs  and  radiotherapy  techniques,  many  cancers  that 
are  not  completely  removed  hy  surgical  resection  re¬ 
main  incurable.  The  major  reason  for  treatment  fail¬ 
ure  is  the  acquisition  of  therapy  resistance.  Tumors 
which  initially  respond  to  treatment,  eventually  un¬ 
dergo  genetic  changes  which  confer  therapy  resis¬ 
tance.  Several  mechanisms  of  chemotherapy  resis¬ 
tance  have  been  identified,  including  decreased  drug 
uptake,  metabolic  detoxification,  and  increased  drug 
extrusion.  In  addition,  drugs  and  radiation  which 
damage  DNA  can  also  lose  effectiveness  as  cells  upreg- 
ulate  DNA  repair  mechanisms.  However,  virtually  all 
anticancer  agents  kill  cells  by  collaborating  with  the 
cell’s  own  suicide  program.  This  program,  known  as 
programmed  cell  death,  or  apoptosis,  must  be  func¬ 
tioning  in  order  for  the  cell  to  be  sensitive  to  treat¬ 
ment.  Thus,  another  important  mechanism  that  con¬ 
tributes  to  therapy  resistance  is  the  loss  of  the 
metabolic  pathways  responsible  for  triggering  apop¬ 
tosis.  In  this  regard,  the  study  of  the  molecular  mecha¬ 
nisms  responsible  for  apoptosis  has  become  an  area 
of  intense  basic  and  applied  research  interest.  This 
article  reviews  the  process  of  apoptosis  and  describes 
how  disruption  of  apoptosis  contributes  to  tumorigen- 
esis  and  therapy  resistance.  This  article  also  discusses 


the  central  role  of  the  tumor  suppressor  p53  in  apop¬ 
tosis,  and  how  loss  of  normal  (or  wild-type)  p53  func¬ 
tion  inhibits  apoptotic  pathways  and  results  in  drug 
and  radiation  resistance.  Novel  cancer  treatments 
based  on  p53  gene  transfer  will  also  be  considered. 

I.  PROGRAMMED  CELL 
DEATH  (APOPTOSIS) 

Apoptosis  was  initially  defined  by  characteristic  mor¬ 
phological  criteria,  including  cell  shrinkage,  mem¬ 
brane  “blebbing,”  and  nuclear  fragmentation.  Pro¬ 
grammed  cell  death  has  long  been  recognized  as  an 
integral  component  of  many  normal  biological  pro¬ 
cesses,  such  as  embryonic  development  and  thymic 
selection  of  the  immune  repertoire.  Although  still 
incompletely  defined  at  the  biochemical  level,  apop¬ 
tosis  is  a  gene-activated  process  involving  cellular 
metabolism.  In  some  cases,  apoptosis  can  be  inhibited 
by  metabolic  inhibitors  such  as  cyclohexamide.  The 
sequence  of  metabolic  events  that  occurs  in  apoptosis 
includes  elevation  of  cellular  calcium,  activation  of 
calcium-dependent  endonucleases,  fragmentation  of 
genomic  DNA  (often  to  multiples  of  the  200-bp 
nucleosome  repeat  unit),  expression  of  new  cell  sur¬ 
face  antigens,  and  finally  engulfment  of  the  apoptotic 
cell  by  neighboring  cells  such  as  tissue  phagocytes. 
Apoptosis  represents  a  form  of  physiological  cell  death 
which  eliminates  cells  marked  for  destruction,  with¬ 
out  causing  damage  to  the  surrounding  tissue. 

This  is  in  contrast  to  the  process  of  cell  death 
termed  necrosis,  which  can  result  in  considerable  dam¬ 
age  to  surrounding  tissue  due  to  the  induction  of  an 
inflammatory  response  following  cell  rupture.  Necro¬ 
sis  is  not  genetically  determined,  but  can  occur  in 
any  cell  that  has  been  exposed  to  toxic  environmental 
conditions.  Rather  than  using  cell  metabolic  path¬ 
ways,  necrosis  involves  a  rapid  and  general  collapse 
of  cellular  metabolism  accompanied  by  a  depletion  of 
ATP  levels.  Necrotic  cells  lose  membrane  integrity 
and  eventually  rupture,  releasing  their  contents  into 
the  surrounding  tissue. 

II.  CANCER  PATHOGENESIS  AND 
FAILURE  OF  APOPTOSIS 

In  addition  to  the  processes  of  embryonic  develop¬ 
ment  and  thymic  selection,  apoptosis  is  believed  to 
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play  an  important  role  in  protecting  multicellulat  or¬ 
ganisms  from  cancer.  Genetic  abnormalities  associ¬ 
ated  with  cancer  may  lead  to  failure  of  apoptosis.  It 
became  evident  with  the  identification  of  the  onco¬ 
protein  bcl2  that  disruption  of  cell  death  pathways 
could  play  as  important  a  role  in  cancer  pathogenesis 
as  deregulation  of  cellular  proliferation.  For  example, 
the  malignant  B  cells  of  patients  with  follicular  lym¬ 
phoma  accumulate  in  part  because  they  fail  to  die  by 
apoptosis.  Failure  of  apoptosis  in  these  cells  is  due  to 
upregulated  expression  of  the  bcl2  gene  product  which 
is  overproduced  as  a  result  of  a  chromosomal  translo¬ 
cation  t(18;14)  that  places  the  bcl2  gene'  under  the 
control  of  the  immunoglobulin  promoter.  Similarly, 
transgenic  mice  that  overexpress  bcl2  in  their  B  cells 
suffer  from  benign  follicular  hyperplasia,  in  which 
nonproliferating  B  cells  accumulate.  With  additional 
genetic  alterations,  the  benign  hyperplasia  can  evolve 
into  a  malignant  lymphoma. 

Disruption  of  apoptosis  is  probably  integral  to  all 
or  most  types  of  cancer,  as  studies  on  the  tumor  sup¬ 
pressor  p53  suggest.  Unlike  bd2,  for  which  deregula¬ 
tion  occurs  in  a  restricted  array  of  tumors,  p53  alter¬ 
ations  are  widespread  in  human  cancer,  affecting  at 
least  half  of  all  cancers.  Normal  p53  is  known  to  block 
the  proliferation  of  tumor  cells  and  to  trigger  apoptosis 
in  some  instances.  Several  recent  studies  have  shown 
that  p53  is  essential  for  triggering  apoptosis  in  re¬ 
sponse  to  DNA  damage.  It  is  known  that  cells  express¬ 
ing  wild-type  (normal)  p53  undergo  a  transient  cell 
cycle  arrest  just  prior  to  commencing  replicative  DNA 
synthesis.  This  does  not  occut  in  cells  with  abetrant 
p53  function.  This  has  led  to  a  model  of  p53  function 
as  a  guardian  of  the  cellular  genome.  In  this  model, 
p53  blocks  the  cell  cycle  in  response  to  DNA  damage 
which  provides  time  for  cellular  DNA  repair.  In  the 
event  that  repair  is  unsuccessful,  p53  then  triggers 
apoptosis.  In  this  manner,  cells  harboring  potentially 
neoplastic  alterations  in  their  genome  would  be  elimi¬ 
nated  (Fig.  1). 

This  model  helps  to  explain  the  strong  selection 
pressure  to  lose  p53  function  in  tumors.  One  of  the 
hallmarks  of  cancer  is  karyotypic  instability,  a  feature 
that  may  be  the  driving  force  for  cancer  progression. 
Loss  of  p53  function  may  favor  the  outgrowth  of  karyo- 
typically  unstable  cancer  cells  by  removing  the  trigger 
for  apoptosis  that  would  eliminate  cells  with  unstable 
genomes.  Transgenic  mice  which  lack  p53  show  a 


Unrepaired  DNA  damage 


continued  cell  division  cell  death  through 

with  karyotypic  instability  apoptosis 

FIGURE  1  Guardian  role  of  p53.  Scheme  illustrating  the  guardian 
role  of  p53  in  eliminating  cells  with  unstable  genomes. 

dramatically  increased  susceptibility  to  cancer  with 
virtually  100%  developing  one  or  several  tumors  be¬ 
fore  the  age  of  6  months.  Similarly,  the  Li-Fraumeni 
familial  cancer  syndrome  in  humans,  also  character¬ 
ized  by  a  dramatic  increased  susceptibility  to  cancer, 
is  associated  with  the  inheritance  of  a  mutant  p53 
allele.  Normal  cells  in  these  patients  continue  to  ex¬ 
press  both  the  normal  p53  allele  and  the  mutant  allele. 
The  tumor  cells,  however,  lose  expression  of  the  nor¬ 
mal  allele,  along  with  the  guardian  function  that  it 
provides. 


III.  THERAPY  RESISTANCE, 

FAILURE  OF  APOPTOSIS,  AND 
p53  ABNORMALITIES 

In  addition  to  its  involvement  in  cancer  pathogenesis, 
loss  of  p53  function  contributes  to  therapy  resistance. 
Anticancer  agents,  including  radiation,  kill  cells  by 
apoptosis,  and  several  lines  of  evidence  have  impli¬ 
cated  p53  as  an  essential  element  in  the  process.  Nor¬ 
mal  hematopoietic  cells  and  fibroblasts  from  p53- 
deficient  transgenic  mice  are  resistant  to  killing  by 
a  variety  of  different  anticancer  drugs  and  radiation. 
In  contrast,  cells  from  the  parental  strain  of  mice 
which  express  wild-type  (normal)  p53  are  readily 
killed  by  these  treatments.  Furthermore,  oncogene- 
transformed  fibroblasts  from  {)53-deficient  transgenic 
mice  form  tumors  in  vivo  which  are  more  resistant  to 
anticancer  drugs  and  radiation.  In  human  cancer  cells, 
a  role  for  p53  in  therapy  sensitivity  is  suggested  by  a 
recent  study  of  Burkitt’s  lymphoma  cell  lines  where 
loss  of  wild-type  p53  function  was  associated  with 
radiation  resistance.  In  another  recent  study,  the 
transfer  of  wild-type  p53  genes  into  p53-negative  non¬ 
small  cell  lung  cancer  (nsclc)  cells  restored  cisplatin 
sensitivity  in  culture.  In  a  nude  mouse  model  of  nsclc 
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tumors,  m  vivo  gene  transfer  of  wild-type  p53  into 
subcutaneous  tumors  resulted  in  enhanced  in  vivo  sen¬ 
sitivity  to  cisplatin.  These  studies  suggested  that  p53 
plays  an  important  role  in  treatment  sensitivity. 

Wild-type  p53  gene  transfer  can  also  enhance  the 
treatment  sensitivity  of  tumor  cells  expressing  endoge¬ 
nous  mutant  p53,  a  more  common  type  of  p53  abnor¬ 
mality  in  human  cancer  than  p53  deletion.  This  is 
important  because  expression  of  wild-type  p53  may 
not  by  itself  be  sufficient  to  suppress  tumor  cell  growth. 
The  bar  graph  in  Fig.  2  illustrates  this  point  for  two 
clones  of  the  same  T98G  glioblastoma  cell  line  that 
differ  only  in  the  expression  of  wild-type  p53.  Clone 
a  expresses  only  mutant  pSd  (codon  237’''“— Clone 
b  expresses  both  mutant  and  wild-type  p53  (intro¬ 
duced  by  gene  transfer),  but  the  level  of  expression 
of  wild-type  p53  is  low  enough  to  be  compatible  with 
cell  proliferation.  However,  in  the  presence  of  the 
DNA-damaging  drug  cisplatin  (at  30  /llM  ),  the  viabil¬ 
ity  of  clone  a  and  clone  b  differs  significantly.  Sensitiv¬ 
ity  to  cisplatin  is  markedly  enhanced  in  clone  b  cells 
that  express  wild-type  p53  and  are  able  to  trigger  their 
own  cell  death  program.  Enhancement  of  cisplatin 
sensitivity  also  occurs  in  small  cell  lung  carcinoma 
cells  that  express  a  different  mutation  in  p53  (codon 
246).  Therapy  sensitivity  was  correlated  with  the  in¬ 
duction  of  apoptosis  in  these  studies.  Thus  p53  may 
be  involved  as  a  direct  sensor  of  various  forms  of  DNA 
damage,  including  damage  arising  from  the  intrinsic 
genomic  instability  of  the  cancer  cell,  as  well  as  dam- 
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FIGURE  2  Cisplatin  sensitivity  and  wild-type  p53.  Bars  indicate 
relative  7'day  growth  of  two  clones  ofT98G  glioblastoma  cells  differing 
in  wild-type  p53  expression.  Clone  a  expresses  only  mutant  p53  (c(xlon 
237’^''''— whereas  clone  h  expre,sses  muriint  and  wild-type  p53.  In 
the  absence  of  cisplatin,  both  clones  grow  with  similar  growth  kinetics. 
However,  clone  b  shows  a  markedly  enhanced  sensitivity  to  cisplatin. 


age  induced  by  radiation  or  by  chemotherapeutic 
drugs  such  as  cisplatin.  Although  high  levels  of  DNA 
damage  may  still  lead  to  cell  death  through  a  p53- 
independent  mechanism,  the  presence  of  p53  would 
be  expected  to  lower  the  threshold  of  damage  required 
to  trigger  apoptosis,  and  this  may  explain  why  p53 
enhances  therapy  sensitivity.  Taken  together,  these 
observations  provide  a  basis  for  developing  novel 
forms  of  cancer  therapy  where  p53  gene  transfer  is 
utilized  to  increase  the  efficacy  of  other  treatment 
modalities.  These  initial  results  suggest  a  dominant 
effect  of  wild-type  p53  over  the  mutant  p53  and  imply 
that  wild-type  p53  gene  transfer  may  find  future  clini¬ 
cal  application  in  combination  with  conventional 
chemotherapy  and  radiation. 

Further  studies  with  a  larger  number  of  tumor  cells 
will  be  necessary  to  extend  these  observations  to  the 
broader  spectrum  of  known  p53  mutations.  p53  is  a 
complex  protein  involved  in  a  variety  of  interactions 
and  functions,  including  oligermization  with  itself, 
binding  to  other  cellular  and  viral  proteins,  and  acti¬ 
vating  transcription  through  sequence-specific  DNA 
binding.  Although  the  studies  described  earlier  sug¬ 
gest  that  p53  gene  transfer  may  have  widespread  appli¬ 
cability  to  a  variety  of  human  cancers,  the  multifunc¬ 
tional  nature  of  p53  precludes  generalizations  about 
its  effect  in  cancers  expressing  specific  mutations.  A 
wide  array  of  mutations  occurs  in  human  cancer,  and 
some  of  these  may  play  differing  roles  in  tumorigenesis 
and  therapy  resistance.  As  indicated  in  Fig.  3,  p53 
consists  of  393  amino  acids  with  most  mutations  oc¬ 
curring  in  the  central  highly  conserved  region  which 
interacts  in  a  sequence-specific  manner  with  DNA. 
Hot  spots  for  mutation  occur  at  codons  175  (Arg), 
248  (Arg),  and  273  (Arg),  as  indicated  by  arrows  in 
the  figure.  Two  of  these  arginines  (248  and  273)  form 

(mutational  hot  spots] 

I  I  i _ 

^  region  favored  for  mutation 

codon  0  100  300  393 

Highly  conserved 
DNA-binding  region 

FIGURE  3  Location  of  p53  mutations.  The  scheme  shows  the  393 
codon  amino  acid  sequence  of  p53 .  The  central  highly  conserved  region 
that  interacts  with  DNA  is  the  most  commonly  mkitateJ  region  in 
human  cancer.  Hot  spots  for  mutation  are  indicated  by  arrows  and 
occur  at  arginines  175,  248,  and  273. 
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direct  electrostatic  interactions  with  the  DNA  phos¬ 
phate  backbone  and  are  therefore  critical  for  anchor¬ 
ing  the  p53  protein  to  DNA.  The  third  arginine  (175) 
is  important  in  maintaining  the  structural  integrity 
of  the  DNA-binding  domain  and  would  indirectly 
affect  DNA  binding  through  its  effect  on  protein 
structure.  Further  studies  will  be  needed  to  determine 
whether  wild-type  p53  can  also  enhance  therapy  sensi¬ 
tivity  to  tumors  expressing  these  common  types  of  mu¬ 
tation. 


IV.  THERAPEUTIC  APPLICATIONS 

These  observations  concerning  the  loss  of  p53  func¬ 
tion  in  tumorigeneis  and  treatment  resistance  have 
led  to  the  development  of  Phase  I  clinical  trials  of 
p53  gene  transfer.  p53  gene  therapy  clinical  trials  for 
lung,  head  and  neck,  hepatocellular,  and  colorectal 
carcinomas  have  been  submitted  to  regulatory  agen¬ 
cies  for  approval  (Table  1).  In  the  head  and  neck 
and  lung  cancer  protocols,  p53  viral  vectors  will  be 
injected  directly  into  tumor  nodules  while  hepatocel¬ 
lular  carcinomas  and  liver  metastases  of  colorectal 
carcinoma  will  be  treated  by  hepatic  artery  infusion 
of  a  p53  adenoviral  vector.  The  safety  of  p53  gene 
transfer  will  be  assessed  in  these  studies  which  will 
pave  the  way  for  a  new  generation  of  cancer  therapeu¬ 
tics  based  on  correction  of  the  genetic  abnormalities 
responsible  for  tumor  pathogenesis  and  treatment  re¬ 


sistance.  The  observation  that  wild-type  p53  can 
enhance  the  sensitivity  of  tumor  cells  to  chemother¬ 
apy  and  radiation  is  significant  in  the  context  of 
p53  gene  therapy,  which  aims  toward  the  suppression 
of  cell  proliferation  to  achieve  antitumor  effects. 
Since  the  expression  of  wild-type  p53  in  tumors 
may  result  merely  in  reversible  Gi  arrest,  sustained 
transgene  expression  would  be  required  for  complete 
tumor  suppression,  a  requirement  which  would  limit 
the  usefulness  of  p53  gene  therapy  with  current 
vector  systems.  However,  the  studies  reviewed  earlier 
suggest  that  transient  expression  of  wild-type  p53 
may  be  effective  when  combined  with  traditional 
therapeutic  approaches  by  sensitizing  the  cancer 
cell  to  the  DNA-damaging  effects  of  radiation  and 
chemotherapy. 

V.  FUTURE  DIRECTIONS:  p53 
GENE  INTERACTIONS 

The  central  regulatory  role  of  p53  is  underscored  by 
the  variety  of  cellular  processes  in  which  it  has  been 
implicated,  including  cell  proliferation,  cell  differenti¬ 
ation,  programmed  cell  death  (apoptosis),  cellular  se¬ 
nescence,  DNA  repair,  and  transcriptional  transacti¬ 
vation.  The  genes  involved  in  these  processes  could 
also  play  critical  roles  in  the  p53-mediated  response 
to  DNA  damage,  and  eventually  it  may  be  possible 
to  target  these  steps,  either  alone  or  in  combination 


TABLE  / 

Clinical  Protocols  of  p53  Tumor  Suppressor  Gene  Therapy 


Tumor 

Protocol  title 

Principal 

investigator 

Institution/country 

Lung  non-sinail  cell 

Clinical  Protocol  for  Modification  of  Oncogene  and  Tumor 
Suppressor  Gene  Expression  in  Non-Small  Cell  Lung 

Cancer 

J.  A.  Roth 

MD  Anderson  Cancer  Center/ 
Houston,  TX 

Lung  non-small  cell 

Clinical  Protocol  for  Modification  of  Tumor  Suppressor  Gene 
Expression  and  Induction  of  Apoptosis  in  Non-Small  Cell 
Lung  Cancer  (NCSLC)  with  an  Adenovirus  Vector 
Expressing  Wild-Type  p53  and  Cisplatin 

J.  A.  Roth 

MD  .Anderson  Cancer  Center/ 
Houston,  TX 

Head  and  neck  squamous 
cell  carcinoma 

Clinical  Protocol  for  Modification  of  Tumor  Suppressor  Gene 
Expression  in  Head  and  Neck  Squamous  Cell  Carcinoma 
with  an  Adenovirus  Vector  Expressing  Wild-Type  f)53 

G.  L.  dayman 

MD  Anderson  Cancer  Center/ 
Houston,  TX 

Colorectal  liver 

Gene  Therapy  of  Primary  and  Metastatic  Malignant  Tumors 

A.  P.  Venook  and 

University  of  California/San 

metastases 

hepatocellular 

of  the  Liver  Using  ACN53  via  Hepatic  Artery  Infusion:  A 
Phase  1  Study 

R.  S.  Warren 

Francisco,  CA 
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with  p53,  to  achieve  better  enhancement  of  treatment 
sensitivity.  For  example,  wild-type  p53  downregulates 
the  expression  of  C'/os,  a  factor  which  is  critical  to 
DNA  repair  and  which  is  known  by  itself  to  affect 
sensitivity  to  cisplatin.  Since  downregulation  ofc-fos 
has  been  shown  to  reestablish  drug  sensitivity  in  tu¬ 
mor  lines  selected  for  drug  resistance,  p53  may  also 
increase  drug  sensitivity  through  its  affect  on  c-/os. 
Since  p53  is  rapidly  degraded  in  normal  cells,  but  has 
a  dramatically  extended  half-life  in  tumor  cells,  the 
effect  of  p53  on  c-/os  may  be  preferentially  inhibitory 
to  tumor  cells.  In  addition,  wild-type  p53  may  lead 
to  reduced  expression  of  the  multidrug  resistance 
gene  (MDRl)  whose  gene  product,  P-glycoprotein,  is 
involved  in  an  energy-dependent  efflux  pump  for 
hydrophobic  cytotoxic  drugs  (such  as  adriamycin, 
vincristine,  etoposide,  and  taxol).  Expression  of  P- 
glycoprotein  is  elevated  in  many  tumor  cell  lines 
and  surgical  specimens.  Transfer  and  expression  of 
wild-type  p53  genes  may  be  able  to  modulate  MDRl- 
mediated  drug  resistance,  thus  increasing  the  efficacy 
of  chemotherapy. 

With  respect  to  transcriptional  activation,  a  recent 
study  implicates  GADD45  as  an  inducible  DNA 
repair  component  of  the  p53-mediated  response  to 
DNA  damage.  p53  induces  the  expression  of 
GADD45,  whose  gene  product  associates  with  prolif¬ 
erating  cell  nuclear  antigen  (PCNA),  a  protein 
needed  for  DNA  repair.  GADD45  itself  can  stimu¬ 
late  excision  repair  in  vitro,  and  may  therefore  play 
a  role  in  the  removal  of  damaged  bases  produced  by 
agents  such  as  cisplatin  and  N,N'-bis(2-chloroethyl)- 
N-nitroso-urea  (carmustine,  BCNU).  p53  also  in¬ 
duces  the  expression  of  p2f(wa/-I,  dpi,  Sdi  I). 
The  p2I  gene  product  is  an  inhibitor  of  several 
cyclin-dependent  kinases  (cdk)  required  for  cell 
cycle  progression  and  is  a  potent  cell  cycle  suppressor 
by  itself.  As  with  GADD45,  p21  associates  with 
PCNA,  and  might  thereby  also  play  a  role  in  DNA 
repair.  Another  cell  cycle  regulatory  protein,  whose 
loss  is  a  feature  of  some  cancers  and  most  cultured 
tumor  cell  lines,  is  pl6.  pl6  appears  to  specifically 
inhibit  cdk  4,  required  for  progression  into  S  phase. 
Although  not  regulated  by  p53,  pl6  might  neverthe¬ 
less  be  a  component  of  the  cellular  response  to 
damage. 


Another  gene  whose  expression  appears  to  be  regu¬ 
lated  by  p53  is  bax.  The  bax  gene  is  a  member  of  the 
bcl2  gene  family,  and  may  be  an  important  component 
in  the  regulation  of  apoptosis.  In  association  with 
bcl2,  bax  forms  a  heterodimer  that  blocks  the  anti- 
apoptotic  activity  of  bcl2.  A  model  has  been  proposed 
in  which  the  susceptibility  of  a  cell  to  apoptosis  is 
determined  by  the  ratio  of  bax  to  bcl2.  bax,  forming 
homodimers  with  itself,  can  actually  induce  apoptosis 
and  could  be  a  mediator  of  the  p53-regulated  response 
to  DNA  damage.  Cells  which  fail  to  undergo  apoptosis 
in  the  presence  of  p53  may  have  insufficient  levels  of 
bax.  Further  studies  will  be  needed  to  understand  how 
each  of  these  genes  contributes  to  the  pathways  of 
apoptosis  so  critical  for  therapy  sensitivity. 

In  conclusion,  the  genetic  abnormalities  involved 
in  tumor  pathogenesis  have  been  shown  to  contribute 
to  the  development  of  treatment  resistance.  The  loss 
of  functional  apoptotic  pathways  appears  integral  to 
the  process  of  tumor  evolution  and  to  the  acquisition 
of  treatment  resistance.  Advances  in  our  understand¬ 
ing  of  the  genes  responsible  for  tumorigenesis  and 
apoptosis  will  lead  to  novel  applications  of  gene  ther¬ 
apy  to  restore  apoptosis  in  cancer  cells.  These  novel 
therapies  will  enhance  the  effectiveness  of  traditional 
chemotherapy  and  radiation  treatments  and  will  ex¬ 
ploit  the  natural  cellular  mechanisms  which  eliminate 
cancer  cells. 

See  Also  the  Following  Articles 

bcl-2  AND  B-cell  Neoplasia:  Dysregulation  of  Programmed 
Cell  Death  in  Cancer-.  Drug  Resistance:  Overview  of 
Mechanisms;  Multidrug  Resistance;  p53  Tumor  Suppres¬ 
sor  Gene:  Structure  and  Function. 
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Abstract 

We  have  previously  shown,  by  expression  of  a 
nonphosphorylatable  dominant  inhibitor  mutant  of  c- 
Jun  [cJun(S63A,S73A)],  that  activation  of  the  NH2- 
terminal  Jun  kinase/stress-activated  protein  kinase  by 
genotoxic  damage  is  required  for  DNA  repair.  Here,  we 
examine  the  consequences  of  inhibition  of  DNA  repair 
on  p53-induced  apoptosis  in  T98G  cells,  which  are 
devoid  of  endogenous  wild-type  p53.  Relative  to 
parental  or  wild-type  c-Jun-expressing  control  cells, 
mutant  Jun-expressing  T98G  clones  show  similar 
growth  rates  and  plating  efficiencies.  However,  these 
cells  are  unable  to  repair  DNA  (PCR-stop  assays)  and 
exhibit  up  to  an  80-fold  increased  methotrexate- 
induced  colony  formation  due  to  amplification  of  the 
dihydrofolate  reductase  gene.  Moreover,  the  mutant 
c-Jun  clones  exhibit  increased  apoptosis  and  elevated 
bax:bcl2  ratios  on  expression  of  wild-type  p53.  These 
results  indicate  that  inhibition  of  DNA  repair  leads  to 
accumulation  of  DNA  damage  in  tumor  cells  with 
unstable  genomes  and  this,  in  turn,  enhances  p53- 
mediated  apoptosis. 

Introduction 

Tumor  progression  involves  the  rapid  accumuiation  of  ge¬ 
netic  alterations,  some  of  which  promote  cell  proliferation 
and  enable  cell  survival  in  changing  environments.  Genomic 
instability,  one  of  the  unique  features  of  cancer,  may  provide 
the  driving  force  for  progression  by  facilitating  these  rapid 
genetic  alterations  (see  Ref.  1).  Nevertheless,  this  instability 
generates  strand  breaks  and  other  forms  of  DNA  damage 
that  could  be  deleterious  to  cell  survival.  There  is,  therefore, 
seiective  pressure  on  the  cancer  cell  to  modulate  its  DNA 
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damage  response  to  insure  survival  while  accommodating 
this  increased  genetic  instability. 

One  way  in  which  a  cancer  cell  may  modulate  its  DNA 
damage  response  is  loss  of  the  tumor  suppressor  p53.  p53 
mediates  apoptosis  in  response  to  DNA  damage,  possibly  as 
a  result  of  its  ability  to  recognize  and  bind  to  damaged  DNA, 
including  DNA  containing  single-stranded  ends  (2)  and  DNA 
in  abnormal  structures  known  as  insertion-deletion  loops  (3). 
Stabilization  of  p53  protein  occurs  after  DNA  damage  in  a 
process  that  involves  DNA-PK^/ATM  as  a  key  mechanism  (4, 
5).  Numerous  studies  correlate  loss  of  p53  with  increased 
genome  instability  (6-9),  aneuploidy  (10, 11),  and  tumor  pro¬ 
gression  (1 2),  suggesting  that  loss  of  p53  renders  cells  per¬ 
missive  for  further  genome  destabilizing  events  that  accom¬ 
pany  and  promote  tumor  progression,  such  as  gene 
amplification  and  deletion.  Restoration  of  p53  function  in 
tumor  cells  that  no  longer  express  wild-type  p53  restores  the 
DNA  damage  recognition  pathways  and  leads  to  arrest  or 
apoptosis  (see  Ref.  1 3,  review). 

DNA  damage  also  leads  to  activation  of  the  JNK/stress- 
activated  PK  (14).  JNK  phosphorylates  the  c-Jun  component 
of  the  AP-1  complex  and  related  transcription  complexes  on 
serines  63  and  73  in  the  NHg-terminal  domain,  thereby 
greatly  activating  transcriptional  transactivation  by  AP-1  and 
related  c-Jun-containing  complexes,  such  as  the  c-Jun/ 
ATF2  heterodimer.  JNK  activity  is  strongly  induced  in  re¬ 
sponse  to  a  variety  of  DNA  damaging  treatments,  such  as  UV 
irradiation  (15),  cisplatin  (15,  16),  camptothecin  (17),  and 
etoposide  (1 8).  We  have  previously  shown  that  activation  of 
the  JNK  pathway  that  foilows  DNA  damage  is  required  for 
DNA  repair,  suggesting  an  essential  role  of  JNK  in  regulating 
the  DNA  repair  process  (1 6).  Phosphorylation  of  c-Jun  is  also 
induced  by  certain  oncogenes  (19)  and  is  required  for  c-Jun 
plus  Ha-ras  cotransformation  of  rat  embryo  fibroblasts  (1 9, 
20).  Complete  loss  of  c-Jun  in  transgenic  mouse  embryo 
fibroblasts  results  in  proliferation  defects  leading  to  pro¬ 
longed  passage  through  crisis  and  delay  of  spontaneous 
immortalization  (21). 

To  more  fully  understand  the  role  of  the  JNK  pathway  and 
c-Jun  phosphorylation  in  cellular  transformation,  tumorigen- 
esis,  and  DNA  repair,  we  have  recently  selected  T98G  glio¬ 
blastoma  ceils  modified  to  express  a  mutant  Jun  that  acts  as 
a  dominant-negative  inhibitor  of  wild-type  c-Jun  down¬ 
stream  targets.  T98G  cells  express  only  mutant  p53  (22)  and, 
unlike  many  other  cell  types,  including  normal  lung  epithelial 
cells  (23),  they  express  elevated,  easily  detectable  levels  of 


®  The  abbreviations  used  are:  PK,  protein  kinase;  JNK,  Jun  kinase;  AP, 
activator  protein;  ATF,  activating  transcription  factor;  DHFR,  dihydrofolate 
reductase;  EGF,  epidermal  growth  factor;  ES,  embryonal  stem;  HPRT, 
hypoxanthine  phosphoribosyltransferase. 
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JNK  activity,  which  can  be  activated  an  additional  5-10-fold 
by  treatment  with  the  DNA  cross-linking  agent  cisplatin  (16). 
The  Jun  mutant  construct  used  to  modify  T98G  cells  was 
originally  derived  by  Binetruy  et  at.  (1 9)  and  Smeal  et  at.  (20) 
and  has  aianine  substitutions  at  serine  positions  63  and  73. 
Mutant  Jun,  therefore,  cannot  be  phosphorylated  by  JNK. 
Expression  of  mutant  Jun  does  not  alter  the  basal  or  induced 
levels  of  JNK  activity  in  these  cells,  indicating  that  mutant 
Jun  has  no  direct  effect  on  the  JNK  enzyme.^  However,  it 
does  strongly  inhibit  transactivation  of  AP-1  reporter  plas¬ 
mids  in  rodent  fibroblasts  (1 9, 20)  and  T98G  cells, indicating 
that  mutant  Jun  acts  as  a  competitive  inhibitor  in  the  forma¬ 
tion  of  an  active  AP-1  complex  and,  therefore,  greatly  im¬ 
pedes  phosphorylation-dependent  transactivation  functions 
of  c-Jun  (19,  20).  Furthermore,  in  A549  human  lung  carci¬ 
noma  cells,  in  which  the  JNK  pathway  is  known  to  be  re¬ 
quired  for  the  EGF-stimulated  celi  growth  (23),  inhibition  of 
the  JNK  pathway  by  the  application  of  high  affinity  JNK 
oiigonucleotides  leads  to  inhibition  of  EGF-dependent 
growth  in  a  manner  indistinguishable  from  that  caused  by 
stable  expression  of  mutant  Jun  (23).  Thus,  stable  expres¬ 
sion  of  mutant  Jun  seems  to  be  a  potent  and  specific  inhib¬ 
itor  of  phosphorylation-dependent  effects  of  endogenous 
c-Jun  that  are  usually  promoted  by  the  action  of  JNK. 

T98G  cells  that  express  mutant  Jun  have  a  marked  in¬ 
crease  in  sensitivity  to  the  DNA  damaging  drug  cispiatin  and 
to  UV  radiation,  and  this  increased  sensitivity  to  DNA  dam¬ 
age  correlates  with  an  inabiiity  to  repair  DNA  (16).  This  sug¬ 
gests  that  phosphorylation  of  the  wild-type  c-Jun  subunit  of 
transcription  factors,  such  as  AP-1  and  the  c-Jun/ATF2  het¬ 
erodimer,  may  contribute  to  DNA  repair  and  survival  after 
DNA  damage  through  induction  of  DNA  synthesis  and  repair 
genes  such  as  topoisomerase  I  and  DNA  polymerase  /3,  both 
of  which  have  functionai  AP-1  and  ATF2/cAMP-responsive 
eiement  binding  protein  sites  (which  bind  to  c-Jun/ATF2)  in 
their  promoters  (24-27).  Phosphorylation  of  c-Jun  may  also 
contribute  to  celi  survival  during  the  crisis  phase  of  tumori- 
genic  transformation  by  promoting  repair  of  DNA  strand 
breaks  generated  by  the  mechanisms  that  destabilize  the 
genome  during  tumor  progression. 

Restoration  of  p53  function  in  T98G  glioblastoma  cells  by 
exposure  to  p53-adenovirus  promotes  low  levels  of  apopto¬ 
sis  at  gene  transfer  efficiencies  of  50-80%  (28).  We  have 
found  that  levels  of  apoptosis  can  be  significantly  increased 
in  these  cells  when  they  are  treated  with  p53  adenovirus  in 
combination  with  DNA  damaging  agents,  such  as  cisplatin 
and  radiation.  This  is  consistent  with  a  model  in  which  the 
level  of  DNA  damage  sustained  by  the  cell  is  a  strong  deter¬ 
minant  of  p53-mediated  apoptosis,  as  suggested  by  Chen  et 
at.  (29).  In  this  study,  we  hypothesized  that  inhibition  of  DNA 
repair  by  expression  of  mutant  Jun,  would  also  enhance 
p53-mediated  apoptosis.  It  is  known  that  various  forms  of 
genetic  instability  characteristic  of  cancer  cells,  including 
gene  amplification,  gene  deletion,  and  broken  chromosomes 
are  related  in  origin  through  the  involvement  of  strand  breaks 
(see  Ref.  30,  review).  By  blocking  DNA  repair,  mutant  Jun  is 


“*  0.  Potopova  and  D.  Mercola,  unpublished  observations. 


Fig.  1.  Increased  expression  of  immunoreactive  Jun  in  stable  transfec- 
tants.  Western  blot  analysis  of  total  c-Jun  plus  mutant  Jun  in  lysates  of 
control  c-Jun-modified  clone  T98GcJun  (Lane  1),  T98G  mutant  Jun- 
expressing  clones  1-1 0-6  (Lane  2)  and  1-1 0-1 0  (Lane  3),  and  parental  T98G 
cells  (Lane  4).  Each  lane  represents  the  electrophoresis  of  40  p.g  of  total 
protein. 


predicted  to  promote  elevated  levels  of  strand  breaks,  which 
then  serve  as  signals  for  p53-mediated  apoptosis.  The  ele¬ 
vated  level  of  strand  breaks  could  also  stimulate  further  gene 
amplification.  In  the  studies  reported  here,  we  extend  and 
confirm  our  eariier  observations  that  mutant  Jun  expression 
leads  to  inhibition  of  DNA  repair.  Moreover,  we  show  that 
mutant  Jun  expression  predisposes  cells  to  gene  amplifica¬ 
tion  as  judged  by  the  ampiification  of  the  DHFR  gene.  We 
further  show  that  expression  of  mutant  Jun  greatly  enhances 
p53-mediated  apoptosis.  These  observations  provide  sup¬ 
port  for  the  hypothesis  that  inhibition  of  DNA  repair  in  cancer 
ceils  with  unstable  genomes  enhances  sensitivity  to  DNA 
damaging  chemotherapy  and  p53-dependent  apoptosis. 

Results 

T98G  Mutant  Jun-expressing  Cells  Resemble  Parental 
T98G  Cells  with  Respect  to  Growth  Rate  and  Plating 
Efficiency.  We  have  previously  shown  that  mutant  Jun- 
expressing  T98G  clone  1-10-10  has  decreased  viability  after 
treatment  with  cisplatin  and  other  DNA-damaging  agents, 
likely  due  to  a  defect  in  DNA  repair  (1 6).  Here,  we  examine 
this  and  a  second  mutant  Jun-expressing  clone,  1-10-6,  as 
well  as  a  control  c-Jun-expressing  clone  (T98GcJun)  and 
parental  T98G  cells  for  the  expression  levels  of  total  immu¬ 
noreactive  Jun,  for  proliferation  rates,  and  for  plating  efficien¬ 
cies.  Fig.  1  shows  a  Western  blot  of  lysates  from  each  of 
these  four  cell  lines  using  an  antibody  that  recognizes  both 
mutant  Jun  and  c-Jun.  Equivalent  loading  was  confirmed  by 
stripping  the  blots  and  reprobing  them  with  an  anti-j3-actin 
antibody  (data  not  shown).  As  shown  in  the  figure,  mutant 
Jun-modified  clones  1-10-10  and  1-10-6,  as  well  as  control 
c-Jun-modified  clone  T98GcJun,  overexpress  total  Jun,  con¬ 
sistent  with  expression  of  the  exogenous  constructs.  The 
mutant  Jun-expressing  clones,  as  well  as  the  control  c-Jun- 
modified  clone,  show  little  difference  from  parental  T98G 
cells  with  respect  to  proliferation  rate  or  plating  efficiency 
(Table  1).  Only  slight  growth  alterations  were  observed,  but 
these  did  not  correlate  with  expression  of  mutant  Jun  be- 
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Table  1  Culture  characteristics  of  T98G  ciones 

Clone 

Relative  doubling  time^ 

Plating  efficiency* 

T98G 

1 

47%  ±  3% 

T98GcJun  (control) 

1.0  ±  0.14 

52%  ±  17% 

1-10-10 

0.83  ±  0.10 

42%  ±  13% 

1-10-6 

1.2  ±  0.04 

45%  ±  2% 

^  Average  of  two  experiments  on  different  occasions,  each  in  triplicate. 

“  Average  of  three  experiments  on  different  occasions,  each  in  triplicate. 


cause  clone  1-10-10  proliferates  about  20%  faster  than  pa¬ 
rental  cells  or  c-Jun-modified  cells  and  clone  I-1 0-6  prolifer¬ 
ates  about  20%  slower.  Therefore,  expression  of  mutant  Jun 
in  T98G  glioblastoma  cells  inhibits  their  ability  to  repair  DNA 
damage  (see  below),  but  it  is  not  growth  suppressive  in  itself. 

T98G  Mutant  Jun-expressing  Cells  Are  Defective  in 
Repair  of  Cisplatin  Adducts.  Cisplatin  adduct  formation 
and  repair  was  analyzed  by  a  PCR-based  assay  (PCR-stop 
assay),  as  described  in  “Materials  and  Methods.”  Because 
cisplatin  adducts  block  PCR  amplification  by  Tag  polymer¬ 
ase,  the  intensity  of  the  PCR  signal  derived  from  a  given 
amplified  region  (in  our  case,  the  HPRT  gene)  is  inversely 
proportional  to  the  platination  level  and  can  be  used  as  a 
quantitative  measure  of  the  number  of  cisplatin-DNA  ad¬ 
ducts  on  that  region  (31).  Platination  levels  determined  by 
PCR  amplification  of  a  given  housekeeping  gene  have  been 
shown  to  correspond  to  determinations  of  platination  levels 
on  genomic  DNA  by  atomic  absorption,  demonstrating  that 
the  PCR  method  reflects  global  DNA  platination  levels  (31). 
We  have  also  observed  in  a  variety  of  tumor  cell  lines  that 
ceils  shown  to  be  DNA  repair  deficient  by  the  PCR  assay 
were  also  defective  In  repairing  a  cisplatin-damaged  reporter 
plasmid,  as  assayed  by  expression  of  the  reporter  gene  2 
days  after  transfection.®  The  PCR  assay  was  chosen  for 
these  studies  because  it  measures  repair  of  an  endogenous 
genomic  sequence.  Fig.  2  shows  the  results  of  a  PCR-stop 
assay  performed  on  genomic  DNA  isolated  from  parental 
T98G  cells,  mutant  Jun-expressing  1-10-10  and  1-10-6  cells, 
and  control  c-Jun-expressing  T98GcJun  cells  after  treatment 
with  cisplatin,  with  and  without  a  subsequent  16-h  recovery 
period.  The  bars  represent  the  relative  amounts  of  PCR  prod¬ 
uct  resulting  from  PCR  amplification  of  a  2.7-kb  region  of  the 
HPRT  gene  of  genomic  DNA  from  cispiatin-treated  versus 
untreated  cells.  In  all  cases,  the  results  have  been  corrected 
for  sample  to  sample  fluctuations  in  PCR  efficiency  by  nor¬ 
malizing  the  results  to  a  1 70-base  PCR  product  of  the  same 
gene  (/.e.,  a  fragment  too  small  to  register  significant  levels  of 
platination  and  where  fluctuation  from  sample  to  sample 
varied  by  <5%).  The  data  show  that  treatment  with  100  /xm 
cisplatin  results  in  an  immediate  decrease  in  the  PCR  signal 
intensity  to  about  85%  of  control  signals  obtained  from  DNA 
from  untreated  cells.  On  the  basis  of  a  Poisson  relationship, 
this  corresponds  to  an  adduct  density  of  about  0.1 6  adducts/ 
2.7  kb.  By  16  h  after  treatment,  both  T98G  cells  and  c-Jun- 
expressing  control  cells  (T98GcJun)  have  efficiently  repaired 
the  adducts,  and  the  PCR  signal  strengths  are  equal  to 
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(mutant)  (mutant)  cJun  (parental) 

(control) 

Fig.  2.  PCR-stop  assays  of  cisplatin  adduct  formation  and  repair.  A 
2.7-kb  region  of  the  HPRT  gene  was  PCR  amplified  from  genomic  DNA 
from  untreated  cells  or  from  cells  treated  1  h  ,1 5  min  with  1 00  (xm  cisplatin 
and  harvested  either  immediately  or  1 6  h  after  treatment.  Bars,  the  relative 
amounts  of  PCR  product  obtained  from  damaged  versus  undamaged 
templates.  The  results  represent  the  averages  of  triplicate  PCR  reactions 
performed  on  two  independent  occasions. 

controls  (/.e.,  no  detectable  adducts  at  16  h).  In  contrast, 
mutant  Jun-expressing  clones  1-10-10  and  1-10-6  failed  to 
repair  the  adducts,  and  PCR  signal  strengths  remain  un¬ 
changed  after  the  16-h  recovery  period  (Fig.  2).  These  ob¬ 
servations  confirm  and  extend  our  earlier  results  (16)  and 
strongly  indicate  that  inhibition  of  the  JNK  pathway  effec¬ 
tively  blocks  DNA  repair. 

T98G  Mutant  Jun-expressing  Cells  Give  Rise  to  Meth¬ 
otrexate-resistant  Clones  with  Higher  Frequency  Than 
Do  Parental  T98G  Cells  or  c-Jun-expressing  Cells.  Cer¬ 
tain  types  of  DNA  repair  defects  contribute  to  tumorigenesis 
(32, 33)  and  increased  genome  instability  (34,  35).  We  exam¬ 
ined  the  T98G  clones  described  above  for  DHFR  gene  am¬ 
plification,  one  measure  of  genome  instability  known  to  cor¬ 
relate  with  increased  tumorigenicity  after  in  vivo  implantation 
of  cells  (36-38).  T98G  cells  were  plated  in  the  presence  of 
concentrations  of  methotrexate  five  times  the  LDgo  and  nine 
times  the  LDjq  determined  for  these  cells  (i.e.,  concentra¬ 
tions  at  which  gene  amplification  of  DHFR  is  known  to  be  the 
predominant  mechanism  of  resistance  to  the  cytocidal  ef¬ 
fects  of  methotrexate;  Refs.  39  and  40).  Thus,  the  frequen¬ 
cies  of  appearance  of  methotrexate-resistant  clones  is  a 
measure  of  genome  instability.  As  shown  in  Table  2,  T98G 
1-10-10  cells  produce  methotrexate-resistant  colonies  at 
about  20  times  the  frequency  of  the  parental  T98G  cells,  and 
T98G  1-10-6  cells  produce  methotrexate-resistant  colonies 
at  about  80  times  the  frequency  of  parental  T98G  cells  (P  = 
0.006).  In  contrast,  stable  expression  of  wild-type  c-Jun  had 
no  effect  on  the  frequency  of  resistance,  indicating  strongly 
that  interference  with  a  phosphorylation-dependent  function 
of  JNK  predisposed  cells  to  form  resistant  colonies. 

To  verify  the  occurrence  of  gene  amplification  in  metho¬ 
trexate-resistant  colonies,  several  colonies  were  picked  from 
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Table  2  Frequency  of  methotrexate-resistant  coionies  arising  from 
T98G,  T98GcJun,  and  T98G  mutantjun  ciones  1-10-10  and  1-10-6 

Ceiis  were  piated  at  a  density  of  10®  ceils/1 0-cm  culture  dish  and 
incubated  4  weeks  in  the  presence  of  methotrexate  at  the  indicated 
concentrations.  Plates  were  then  stained  with  70%  methylene  blue  in 
methanol,  and  colonies  were  counted.  For  analysis  of  DHFR  gene  ampli¬ 
fication,  and  colonies  were  counted.  For  analysis  of  DHFR  gene  amplifi¬ 
cation,  several  colonies  were  picked  before  staining  and  expanded,  and 
cellular  DNA  was  prepared  and  subjected  to  quantitative  PGR  analysis. 


Clone 

Methotrexate 

dose“ 

Frequency  of 
oolonies/1 0® 
cells  (average  of 
three 

experiments) 

DHFR  gene 
dosage  relative 
to  parental  in 
representative 
colonies 

T98G  parental 

5  X  LD5Q 

2.3  ±  2.5 

1 

9  X  LD50 

0.3  ±  0.6 

T98GcJun 

5  X  LD^q 

2“ 

N/F 

(control) 

9  X  LD5Q 

0 

1-10-10 

5  X  LD5Q 

38  ±  19 

3-4 

9  X  LD5Q 

6  +  5 

1-10-6 

5  X  LD50 

174  ±21 

2 

9  X  LD5Q 

16  ±  12 

®  LDjo,  0.1  (T98G  and  T98GcJun)  or  0.04  (1-10-10  and  1-10-6). 

One  experiment. 


each  selection  condition  and  expanded.  Genomic  DNA  was 
prepared  and  subjected  to  quantitative  PGR  analysis  using 
®^P-labeled  primers  that  define  a  270-base  fragment  of  the 
DHFR  gene,  which  includes  parts  of  exon  1  and  intron  A. 
PGR  products  were  analyzed  by  agarose  gel  electrophoresis 
and  quantitated  by  radioanalytic  imaging,  as  described  in 
“Material  and  Methods.”  The  relative  increase  in  PGR  prod¬ 
uct  from  cellular  DNA  of  methotrexate-resistant  cells  com¬ 
pared  with  unselected  parental  T98G  cells  was  taken  as  a 
measure  of  the  increased  copy  number  of  the  DHFR  gene 
and  is  indicated  in  Table  2.  The  methotrexate-resistant 
clones  derived  from  T98G  mutant  Jun-expressing  clones 
have  from  two  to  four  times  the  gene  dosage  of  the  DHFR 
gene,  relative  to  parental  T98G  cells,  indicating  that  the 
observed  methotrexate  resistance  reflected  an  increased 
DHFR  gene  copy  number.  We  conclude,  therefore,  that  in¬ 
hibition  of  DNA  repair  by  mutant  Jun  in  T98G  glioblastoma 
cells  leads  to  accumulated  DNA  damage  that  can  promote 
gene  amplification. 

T98G  Mutant  Jun  Cells  Are  More  Susceptible  Than  Are 
Parental  Cells  to  p53-mediated  Growth  Suppression. 

T98G  cells  lack  wild-type  p53  function  as  a  result  of  a  me¬ 
thionine  to  isoleucine  replacement  in  p53  at  codon  237  (41). 
Restoration  of  wild-type  p53  in  T98G  cells  through  gene 
transfer  results  in  partial  G^  arrest  (41)  or  apoptosis  (28). 
Furthermore,  agents  that  promote  DNA  strand  breaks  and 
other  forms  of  DNA  damage  enhance  p53-mediated  apo¬ 
ptosis  (28).  On  the  basis  of  the  observations  above,  indicat¬ 
ing  that  mutant  Jun-expressing  cells  are  inhibited  in  DNA 
damage  repair  and  predisposed  to  gene  amplification,  we 
predicted  that  strand  breaks  would  accumulate  in  mutant 
Jun-expressing  cells,  thereby  leading  to  increased  p53-de- 
pendent  growth  inhibition  and  apoptosis.  Fig.  3  compares 
the  growth  inhibition  of  Ad-p53-transduced  ceils  relative  to 
Ad-j3gal-transduced  cells  6  days  after  infection.  The  results 
represent  the  average  of  two  experiments  performed  on 


Fig.  3.  Six-day  viability  assay  of  T98G  subclones  after  treatment  with 
Ad-p53,  100  pfu/cell  for  3  h.  Viability  of  Ad-p53-treated  cultures  is  rep¬ 
resented  as  a  percentage  of  the  same  culture  treated  under  identical 
conditions  with  Ad-pgal. 


separate  occasions,  with  each  experiment  being  performed 
in  triplicate.  The  infection  efficiency,  determined  by  X-gal 
staining  of  parallel  cultures  with  Ad-/3gal,  was  about  50%  in 
all  cases,  low  enough  to  cause  incomplete  growth  suppres¬ 
sion  of  parental  T98G  cells  and  control  cells  modified  to 
stably  express  wild-type  c-Jun,  as  shown  in  Fig.  3.  Growth 
studies  revealed  that  T98G  1-10-10  and  1-10-6  cells  were 
considerably  more  growth  suppressed  upon  expression  of 
p53  under  these  conditions.  Western  blot  analysis  (Fig.  4)  of 
the  p53-responsive  gene  product  in  cell  lysates 

48  h  after  infection  shows  induction  of  p2i"®*''''°'P''  in  all 
cases.  The  data,  thus,  show  that  p2i'"®"^°'P''  is  not  a  crucial 
player  in  this  setting.  Equivalent  loading  was  confirmed  by 
stripping  the  blots  and  reprobing  them  with  an  anti-/3-actin 
antibody  (data  not  shown). 

T98G  Mutant  Jun-expressing  Cells  Are  More  Suscep¬ 
tible  to  p53-mediated  Apoptosis.  To  determine  whether 
the  p53-mediated  growth  inhibition  of  T98G  mutant  Jun- 
expressing  cells  observed  in  Fig.  3  could  be  accounted  for  by 
the  induction  of  apoptosis,  we  assayed  the  cytoplasmic  frac¬ 
tions  of  Ad-p53  or  Ad-j3gal-infected  cells  48  h  after  infection 
for  the  presence  of  oligonucieosomal  fragments  (Fig.  5). 
These  fragments  are  released  from  the  nuclei  of  cells  under¬ 
going  apoptosis  and  can  be  detected  by  an  ELISA  assay 
using  antihistone  antibodies  and  anti-DNA  peroxidase  anti¬ 
bodies.  We  assayed  for  apoptosis  48  h  after  exposure  to  p53 
adenovirus  or  p-gal  adenovirus  because  this  is  the  point  at 
which  we  have  observed  maximal  transgene  expression  in 
Ad-j3-gal-infected  cells.®  Fig.  5A  shows  the  results  of  the 
ELISA  assay  on  the  various  T98G  cell  clones.  Low  levels  of 
oligonucieosomal  fragment  release  similar  to  levels  observed 
in  uninfected  cells  were  observed  in  Ad-/3-gal-infected  cells. 
Treatment  of  parental  T98G  cells  and  control  wild-type  c- 
Jun-expressing  T98GcJun  cells  with  Ad-p53  (100  pfu/cell, 
3  h)  resulted  in  virtually  no  induction  of  apoptosis  under  our 
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Fig.  4.  Western  blot  analysis  of  p21”®”  protein  in  lysates  from  T98G 
parental  cells,  mutant  Jun-expressing  clones  1-10-10  and  I-10-6,  and 
control  c-Jun-expressing  clone  T98GcJun  48  h  after  treatment  with  Ad- 
Pgal  or  Ad-p53, 100  pfu/cell  for  3  h.  Each  lane  represents  40  p.g  of  protein: 
Lane  1,  T98G  parental-Ad|8gal;  Lane  2,  T98G  parental-Adp53;  Lane  3, 
mutant  Jun  clone  l-IO-IO-Adpgal;  Lane  4,  mutant  Jun  clone  1-10-10- 
Adp53;  Lane  5,  mutant  Jun  clone  1-1 0-6-Ad|3gal;  Lane  6,  mutant  Jun  clone 
l-10-6-Adp53;  Lane  7,  control  T98GcJun-Ad-/3gal;  Lane  8,  control 
T98GcJun-Adp53, 


conditions,  consistent  with  growth  assays  showing  no  sup¬ 
pression  of  overall  growth  after  treatment  of  these  cell  lines 
with  Ad-p53.  However,  readily  detectable  and  significantly 
increased  levels  of  apoptosis  were  observed  in  mutant  Jun- 
expressing  clones  1-10-10  and  1-10-6.  These  results  are  con¬ 
sistent  with  the  appearance  of  Ad-p53-treated  cultures  as 
shown  in  Fig.  56.  Ad-p53-treated  1-10-10  and  1-10-6  cells 
lose  contact  with  neighbors,  become  large,  and  contain  cy¬ 
toplasmic  vacuoles.  Thus,  p53-mediated  apoptosis  is  mark¬ 
edly  enhanced  in  mutant  Jun-expressing  cells,  possibly  as  a 
consequence  of  being  triggered  by  endogenous  strand 
breaks  that  fail  to  be  repaired. 

To  confirm  a  p53-dependent  mechanism  of  apoptosis,  we 
carried  out  a  Western  blot  analysis  of  the  apoptosis  regula¬ 
tory  proteins  bax  and  bclj  in  cells  treated  with  Ad-p53  or 
Ad-/3gal  (Fig.  6).  The  levels  of  the  proapoptotic  effector  bax, 
the  gene  of  which  Is  induced  by  p53  (42),  increase  after 
treatment  with  Ad-p53,  as  expected,  whereas  levels  of  the 
antiapoptotic  protein  bclg  remain  largely  unchanged.  A  com¬ 
parison  of  the  bax  to  bclj  protein  is  indicated  by  the  ratios 
under  the  lanes  in  Fig.  6.  The  baxibclj  ratio  after  treatment 
with  Adp53  is  significantly  higher  in  mutant  Jun-expressing 
cells  1-10-10  and  1-10-6  (ratios  of  10  and  2.5,  respectively) 
than  in  parental  cells  (ratio  of  1.7)  and  c-Jun  control  cells 
(ratio  of  0.8).  Furthermore,  a  comparison  of  these  ratios  in 
uninduced  versus  induced  cells  (Ad/3gal-treated  versus 
Adp53-treated)  reveals  a  3-4-fold  increase  for  the  Adp53- 
treated  parental  and  cJun-expressing  control  cells  com¬ 
pared  with  the  same  cells  treated  with  Ad/3gal,  whereas 
Adp53-treated  mutant  Jun-expressing  cells  1-10-10  and 
1-10-6  show  an  increase  of  some  8-25-foid,  respectively, 
compared  with  the  same  cells  treated  with  AdjSgal.  In  ac¬ 
cordance  with  other  data  suggesting  that  the  baxibclg  ratio  is 
a  critical  determinant  of  apoptosis  (see  Ref.  43,  review)  these 
data  support  a  role  for  bax  in  the  increased  apoptosis  ob¬ 
served  after  Adp53  treatment  of  mutant  Jun-expressing 
cells. 

Discussion 

In  this  study,  we  have  examined  how  a  dominant-negative 
inhibitor  of  phosphorylated  wild-type  c-Jun  downstream  tar¬ 
gets  affects  cell  proliferation,  DNA  repair,  susceptibility  to 
p53-mediated  apoptosis,  and  DHFR  gene  amplification  in 
T98G  glioblastoma  cells.  The  JNK/stress-activated  PK  path¬ 
way  is  a  cellular  DNA  damage  and  stress-response  pathway 
that  is  activated  by  a  variety  of  signals,  including  mitogens 


such  as  EGF  (23),  oncogenes  (19),  and  numerous  DNA- 
damaging  agents  such  as  UV  radiation  and  cisplatin  (15-17). 
Phosphorylation  of  c-Jun  by  JNK  activates  the  transcrip¬ 
tional  potential  of  AP-1  and  related  transcription  factors  such 
as  c-Jun/ATF2,  which  use  c-Jun  as  a  heterodimeric  partner 
in  the  transcription  complex.  The  nonphosphorylatable  mu¬ 
tant  Jun  construct  used  in  these  and  earlier  studies  resem¬ 
bles  normal  cellular  c-Jun,  except  for  two  alanine  replace¬ 
ments  at  positions  63  and  73.  This  change  has  been  shown 
to  abrogate  the  cotransformation  properties  of  c-Jun  with 
H-/as  in  rat  embryo  fibroblasts  (19,  20),  and  to  block  EGF- 
induced  proliferation  of  lung  carcinoma  cells  (23).  T98G  glio¬ 
blastoma  cells  expressing  this  mutant  Jun  have  reduced 
viability  after  treatment  with  the  DNA-damaging  drug  cispla- 
tin  (16),  and  this  result  is  due  to  an  inability  to  repair  cisplatin 
adducts,  as  we  show  here  and  in  an  earlier  study  (1 6).  Thus, 
the  JNK  pathway  may  promote  cell  survival  during  transfor¬ 
mation  and  in  response  to  DNA  damage. 

In  this  study,  we  extend  the  analysis  of  the  T98G  mutant 
Jun  clones  analyzed  previously.  We  observe  that  they  grow 
with  similar  doubling  times  and  have  simiiar  plating  efficien¬ 
cies  as  parental  T98G  cells  or  c-Jun-modified  control  cells, 
indicating  that  stable  expression  of  mutant  Jun  does  not 
substantially  alter  DNA  synthesis.  However,  methotrexate- 
resistant  clones  arising  in  the  presence  of  s  5  x  LDgo  are 
generated  at  a  20-80-fold  higher  frequency  in  mutant  Jun- 
expressing  clones  compared  with  parental  T98G  cells  and 
the  wild-type  c-Jun-expressing  clone  T98GcJun.  Under 
these  conditions,  resistance  to  methotrexate  is  known  to  be 
primarily  due  to  amplification  of  the  DHFR  gene  (39,  40).  We 
confirmed  a  low,  but  detectable  increase  in  DHFR  gene  copy 
number  of  about  2- 4-fold  compared  with  parental  T98G 
cells  by  quantitative  PCR  analysis  of  genomic  DNA  isolated 
from  several  representative  clones  of  methotrexate-selected 
T98G  1-10-10  and  1-10-6  cells.  Although  low,  such  an  in¬ 
crease  in  copy  number  could  explain  the  increase  in  meth¬ 
otrexate  resistance  observed  in  these  cells  and  is  supported 
by  previous  studies  that  showed  that  a  low  level  of  DHFR 
gene  amplification  was  sufficient  to  confer  resistance  to 
methotrexate  (44).  Furthermore,  mutant  Jun-expressing 
T98G  cells,  which  do  not  express  endogenous  wild-type 
p53,  exhibited  increased  growth  suppression  and  apoptosis 
after  exposure  to  p53  adenovirus  and  restoration  of  wild-type 
p53  function.  Therefore,  mutant  Jun  alone  had  little  effect  on 
the  growth  properties  of  T98G  cells  but  manifested  a  nega¬ 
tive  effect  on  growth  in  the  presence  of  wild-type  p53. 

Our  results  demonstrate  that  expression  of  a  nonphospho- 
rylatabie  mutant  Jun,  but  not  c-Jun,  leads  to  a  defect  in  DNA 
repair  and  contributes  to  increased  gene  amplification,  one 
manifestation  of  genomic  instability  in  mammalian  cells. 
These  observations  are  consistent  with  other  examples  in 
which  DNA  repair  defects  are  seen  to  underlie  a  genome 
instability  phenotype  (34,  35).  The  results  suggest  that  the 
DNA  repair  defect  associated  with  expression  of  mutant  Jun 
may  generate  elevated  levels  of  strand  breaks  in  T98G  cells 
compared  with  T98G  parental  cells  and  c-Jun-modified  cells, 
both  of  which  have  an  intact  JNK  pathway.  The  elevated  level 
of  breaks  may,  in  turn,  serve  as  initiation  events  for  increased 
gene  amplification  (45),  as  well  as  triggers  for  DNA  damage- 
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Fig.  5.  A,  ELISA  apoptosis  as¬ 
say  of  cytoplasmic  nucleosomes 
in  untreated  cells  or  in  cells  48  h 
after  being  treated  with  1 00  pfu/ 
cell  of  Ad-|3gal  or  Ad-p53  for  3  h. 
S,  light  microscopy  (x40)  of  un¬ 
treated  cells  (fop  row),  or  cells 
72  h  after  treatment  with  Ad-/3gal 
{middle  row)  or  Ad-p53  (bottom 
row),  a,  T98G  parental  cells;  b, 
c-Jun-modified  clone  T98GcJun; 
0,  mutant  Jun-modified  clone 
I-10-6;  d,  mutant  Jun-modified 
clone  1-10-10. 
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induced  stabilization  of  transduced  wild-type  p53,  leading  to 
apoptosis.  Our  results  directly  demonstrate  both  gene  am¬ 
plification  and  significantly  increased  p53-dependent  apo¬ 
ptosis  in  mutant  Jun-expressing  cells  in  support  of  this 
hypothesis. 

One  possible  explanation  for  our  observations  is  that  one 
or  more  downstream  targets  of  wild-type  c-Jun  promotes 


repair  of  endogenous  strand  breaks.  Candidate  targets  in¬ 
clude  DNA  polymerase  /3,  PCNA,  topoisomerase  I,  topoi- 
somerase  II,  and  GADD153,  all  of  which  have  potential  AP-1 
or  c-Jun/ATF2  binding  sequences  in  their  promoter  regions 
(see  Refs.  24-27  and  Ref.  46,  review).  In  the  cases  of  DNA 
polymerase  p  and  topoisomerase  I,  these  c-Jun/ATF2  bind¬ 
ing  sites  are  known  to  be  functional  and  stress  activated  (46). 
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T98G  1-10-10  I-10-6  T98Gcjun 

parental  (mutant)  (mutant)  (control) 

Pgal  p53  pgal  p53  pgal  p53  Pgal  p53 


bax/bclg  0.4  1.7  1.3  10  0.1  2.5  0.3  0.8 

Fig.  6.  Western  blot  analysis  of  bax  and  bcl2  protein  in  lysates  from  T98G 
parental  cells,  mutant  Jun-expressing  clones  1-10-10  and  I-10-6,  and 
control  c-Jun-expressing  clone  T98GcJun  48  h  after  treatment  with  Ad- 
0gal  or  Adp53, 1 00  pfu/cell  for  3  h.  Each  lane  represents  1 5  jxg  of  protein 
for  the  bax  analysis  and  30  fig  of  protein  for  the  bclj  analysis.  After 
immunostaining  and  band  detection  with  enhanced  chemiluminescence 
Western  reagent,  bands  were  quantitated  using  Kodak  digital  software. 
Ratios  of  bax  to  bclj  are  indicated  below  the  lanes.  Experiment  was 
carried  out  twice  with  similar  results. 

Moreover,  all  of  these  gene  products  have  been  implicated  in 
the  repair  of  cisplatin-DNA  adducts  (47).  Thus,  although  an 
intact  JNK  pathway  in  T98G  parental  cells  and  In  c-Jun- 
modified  control  cells  would  not  directly  prevent  DNA  dam¬ 
age-induced  p53  stabilization,  the  pathway  would  act  indi¬ 
rectly  to  attenuate  p53-mediated  apoptosis  by  efficiently 
promoting  repair  of  endogenous  strand  breaks  that  would 
trigger  p53  stabilization. 

An  additional  mechanism  also  may  play  a  role  in  cells 
expressing  endogenous  wild-type  p53.  Shreiber  et  al.  (21) 
have  recently  shown  that  c-Jun  directly  down-regulates  p53 
expression  through  binding  to  a  variant  AP-1  site  in  the 
endogenous  cellular  p53  promoter.  In  their  study,  negative 
regulation  of  p53  by  c-Jun  seemed  to  be  crucial  to  cellular 
transformation  in  that  transgenic  mouse  embryo  fibroblasts 
lacking  c-Jun  displayed  proliferation  defects,  elevated  p53 
expression,  and  prolonged  transit  through  crisis  before 
spontaneous  immortalization.  Thus,  c-Jun  may  attenuate 
p53-mediated  apoptosis  both  by  down-regulating  expres¬ 
sion  of  p53  and  by  promoting  repair  of  endogenous  DNA 
damage  that  could  trigger  p53  stabilization  and  apoptosis. 

Two  independently  derived  mutant  Jun-expressing  clones 
show  similar  properties,  whereas  a  third  clone  expressing 
wild-type  c-Jun  and  maintained  in  culture  for  a  similar  period 
did  not  share  any  of  these  properties.  These  observations 
strengthen  the  argument  that  down-regulation  of  DNA  repair 
as  a  consequence  of  mutant  Jun  expression  underlies  the 
elevation  in  DHFR  gene  amplification  and  enhanced  predis¬ 
position  to  p53-mediated  apoptosis.  Our  resuits  suggest,  in 
addition,  that  increased  expression  of  the  p53-regulated  pro- 
apoptotic  effector  bax  leads  to  an  increased  bax;bcl2  ratio 
that  contributes  to  enhanced  apoptosis  in  mutant  Jun- 
expressing  celis  after  exposure  to  p53  adenovirus.  This  is 
consistent  with  a  variety  of  observations  in  other  systems 
showing  the  importance  of  the  baxibclg  ratio  in  determining 
apoptosis  (see  Ref.  43,  review).  Thus,  an  elevated  level  of 
endogenous  DNA  strand  breaks  in  mutant  Jun-expressing 
cells  may  result  in  increased  stabilization  and  activation  of 
p53  and  increased  induction  of  bax. 


The  recent  identification  of  p53  as  a  physiological  sub¬ 
strate  for  JNK  (48)  indicates  that  the  JNK  response  extends 
to  other  targets  besides  c-Jun,  and  these  could  mediate  the 
various  aspects  of  the  stress  response.  Aithough  inhibited  in 
c-Jun  phosphorylation,  T98G  cells  modified  with  mutant  Jun 
express  constitutively  active  JNK  at  levels  similar  to  the 
parental  T98G  cells.^  They  would,  therefore,  be  expected  to 
carry  out  phosphorylation  of  other  JNK  substrates  similarly 
to  parental  cells.  The  ability  of  T98G  mutant  Jun  cells  to  carry 
out  apoptosis  after  restoration  of  p53  activity  suggests  that 
any  JNK-related  apoptotic  functions  are  not  disrupted  by  the 
mutant  Jun  modification. 

Consistent  with  our  observations  that  the  mutant  Jun 
modification  has  no  significant  effect  on  celi  growth  or  plat¬ 
ing  efficiency  of  T98G  cells  is  a  study  demonstrating  that  ES 
cells  lacking  c-Jun  had  similar  viability  and  growth  rate  as 
parental  ES  cells  and  were  able  to  efficiently  transactivate 
AP-1  reporter  constructs  (49).  Thus,  most  of  the  functions  of 
c-Jun  in  ES  cells  seemed  to  be  complemented  by  other  Jun 
proteins.  In  our  case,  mutant  Jun  itself  may  be  able  to  carry 
out  the  c-Jun  functions  required  for  basal  growth.  However, 
phosphorylation  of  c-Jun  seems  to  be  critical  in  the  cellular 
response  to  DNA  damage. 

Our  results  can  be  understood  in  light  of  a  growing  body  of 
evidence  supporting  a  role  for  p53  in  modulating  apoptosis  in 
response  to  DNA  damage  (see  review,  Ref.  50)  and  in  pro¬ 
portion  to  the  extent  of  damage  (29).  p53  is  a  DNA  damage 
recognition  protein  known  to  bind  to  a  variety  of  types  of 
DNA  damage,  including  single-strand  ends  (2),  and  insertion- 
deletion  loops  (3).  These  types  of  damage,  which  could  serve 
as  triggers  for  p53-mediated  apoptosis,  are  likely  to  be  gen¬ 
erated  in  tumor  cells  by  the  mechanisms  that  promote  spon¬ 
taneous  gene  rearrangements,  deletions,  and  amplifications. 
As  such,  a  failure  of  DNA  repair  in  mutant  Jun-expressing 
cells  would  promote  the  accumulation  of  strand  breaks, 
which  would,  on  the  one  hand,  favor  gene  amplification  and 
other  manifestations  of  genome  instability  and,  on  the  other 
hand,  promote  DNA  damage-induced  stabilization  of  p53 
and  apoptosis. 

As  depicted  in  the  scheme  in  Fig.  7,  we  hypothesize  that 
activation  of  JNK  and  loss  of  p53  represent  independent 
mechanisms  by  which  tumor  cells  undergoing  progression 
accommodate  increased  levels  of  genomic  instability  and 
insure  survival  while  sustaining  potentially  lethal  genome 
destabilizing  events.  By  promoting  DNA  repair,  the  JNK 
pathway  may  limit  damage  to  levels  compatible  with  survival. 
Loss  of  p53  would  further  enhance  survival  owing  to  a  down- 
regulated  apoptotic  response  to  unrepaired  damage. 

Materials  and  Methods 

Cell  Lines.  T98G  glioblastonna  cells  were  obtained  from  Dr.  Hoi  U  (Uni¬ 
versity  of  California,  San  Diego,  CA)  and  cultured  at  37°C  in  10%  CO2  in 
DMEM  suppiemented  with  10%  newborn  caif  serum.  The  T98G  ciones 
that  had  been  modified  to  express  mutant  Jun,  termed  T98G-dnJun-l- 
10-10  and  1-10-6  (see  Ref.  16),  or  simpiy  T98G  i-10-10  and  T98G  i-10-6, 
were  cultured  in  the  same  way  as  were  T98G  celis,  except  that  1 00  jig/ml 
hygromycin  was  added  to  the  cuiture  medium.  The  pLHCmjun  vector 
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Fig.  7.  Model  explaining  how,  through  inhibition  of  potential  c-Jun 
downstream  targets  leading  to  DNA  repair  (e.g.,  DNA  polymerase  p, 
topoisomerase  I,  II,  PCNA),  mutant  Jun  promotes  the  accumulation  of 
endogenous  DNA  strand  breaks  in  genomically  unstable  tumor  cells  and, 
thus,  collaborates  with  p53  to  promote  p53-mediated  induction  of  bax 
and  apoptosis. 


encodes  a  dominant  negative  mutant  of  c-Jun  and  was  prepared,  as 
described  previously  (51),  by  insertion  of  DNA  encoding  mutant  Jun 
[obtained  by  site-directed  mutagenesis  by  Smeal  et  a/.  (20)]  into  the 
retroviral  vector  pLHCX.  Mutant  Jun  has  ser  ->  ala  substitutions  at  posi¬ 
tions  63  and  73,  two  sites  of  DNA  damage-induced  phosphorylation  in 
wild-type  c-Jun,  and  cannot  be  phosphorylated  at  these  sites.  As  a 
control,  T98G  cells  modified  to  overexpress  wild-type  o-Jun  (T98GcJun) 
were  obtained  by  cotransfection  with  a  c-/un  expression  vector,  pSV2c/un 
and  with  pSV2neo,  and  were  cultured  similarly,  with  the  addition  of  100 
ng/ml  G418. 

Western  Blot  Analysis.  Levels  of  total  cellular  Jun  protein  (c-Jun  + 
mutant  Jun),  as  well  as  levels  of  the  gene  products  of  the  p53-regulated 
genes  p2f"'^",  bax,  and  bc/2  were  determined  by  Western  blot  analysis. 
Cell  lysates  (20-40  jtg)  were  electrophoresed  on  a  12%  acrylamide  gel 
and  blotted  onto  nylon  membranes.  Membranes  were  then  treated  with 
rabbit  polyclonal  anti  o-Jun  (1:200),  or  with  mouse  monoclonal  anti 
p21”'“'i  (1:200),  or  with  rabbit  polyclonal  anti-bax  (1:200),  or  with  mouse 
monoclonal  anti-bclz  (1:100),  followed  by  an  appropriate  antirabbit  or 
antimouse  secondary  antibody  conjugated  with  horseradish  peroxidase. 
All  antibodies  were  purchased  from  Santa  Cruz  Biotechnology,  Inc.  (Santa 
Cruz,  CA)  and  used  according  to  the  protocol  recommended  by  the 
manufacturer.  Antibody  reactive  bands  were  revealed  using  the  enhanced 
chemiluminescence  Western  detection  system  (Amersham  Life  Sciences, 
United  Kingdom).  For  quantitation  of  bands,  we  used  Kodak  digital  cam¬ 
era  and  analysis  software. 

Analysis  of  Repair  of  Cisplatin-DNA  adducts.  Cisplatin  (c/s-diam- 
minedichloroplatinum)  adduct  formation  and  repair  was  analyzed  by  a 
PCR-based  DNA  damage  assay  (PCR-stop  assay;  Ref.  31).  The  assay  is 
based  on  observations  that  Tag  polymerase  is  blocked  at  cisplatin  ad¬ 
ducts,  was  used  to  analyze  cisplatin  adduct  formation  and  repair.  Be¬ 
cause  DNA  fragments  are  platinated  randomly,  the  distribution  of  damage 
fits  a  Poisson  distribution,  where  a  mean  level  of  one  adduct/fragment 
(/.e.,  the  portion  of  the  genome  defined  by  the  forward  and  reverse  PCR 
primers)  will  leave  37%  of  the  fragmehts  undamaged  and  these  will  be 
amplified  to  produce  a  PCR  signal  37%  of  that  from  control  DNA.  For 
cisplatin  treatments,  cells  were  plated  at  50%  confluency  in  three  wells  of 
a  6-well  plates  in  standard  medium  described  above.  After  attachment, 
duplicate  wells  were  treated  with  100  jxm  cisplatin  (Platinol,  aqueous 
solution  at  1  mg/ml,  purchased  from  local  pharmacies)  for  one  h,  15  min, 
and  one  well  was  left  untreated.  After  treatment,  the  untreated  cells  and 
one  well  of  100  /xm  cisplatin-treated  cells  were  harvested,  ahd  genomic 
DNA  was  prepared.  The  remaihing  treated  well  was  incubated  an  addi¬ 
tional  16  h  in  the  absence  of  cisplatin  before  harvesting.  DNA  was  pre¬ 
pared  using  the  QIAmp  blood  kit  essentially  following  the  manufacturer’s 


protocol,  except  that  cells  were  lysed  directly  on  the  plate  in  the  presence 
of  PBS,  Qiagen  protease,  and  lysis  buffer  supplied  in  the  kit.  After  purifi¬ 
cation,  DNA  was  adjusted  to  0.5  mg/ml  in  sterile  water  and  stored  at 
-20°C.  Quantitative  PCR  was  used  to  compare  cisplatin  adduct  forma¬ 
tion  on  a  2.7-kb  region  of  the  HPRT  gene.  As  an  internal  control  for  PCR 
efficiency,  we  PCR-amplified  from  the  same  templates  a  170-base  non¬ 
overlapping  region  of  the  same  gene.  The  smaller  region  represents  a 
target  too  small  to  register  significant  levels  of  damage  under  our  condi¬ 
tions.  We  found  that  both  the  2.7-kb  and  170-base  products  increased 
linearly  with  input  template  over  the  range  0,1-0.5  pg  DNA/25  p\  reaction 
and  we,  therefore,  routinely  used  0.125-0.25  pg  template/reaction.  Re¬ 
actions  were  performed  in  25  p\  using  0.125-0.25  pg  DNA,  25  pmol  each 
of  forward  and  reverse  primer,  250  /xm  dNTPs  (Pharmacia),  1 .25  units  of 
Taq  polymerase  (Qiagen),  1  x  buffer  (Qiagen),  and  solution  Q  (Qiagen). 
Bands  were  quantitated  using  a  Kodak  digital  camera  and  analysis  soft¬ 
ware.  The  amplification  program  was  as  follows:  1  cycle  (94°C,  1  min, 
30  s);  25  cycles  (94°C,  1  min;  57°C,  1  min;  70°C,  2  min,  30  s);  1  cycle 
(94°C,  1  min;  57°C,  1  min;  70°C,  7  min).  All  assays  were  performed  in 
triplicate  on  two  separate  occasions. 

Virus.  Replication-defective  adenoviruses  (Ad-p53  and  Ad-pgal),  in 
which  the  human  p53  coding  sequence  or  the  bacterial  p-galactosidase 
gene,  respectively,  replaced  the  viral  early  region  E1A  and  E1B  genes, 
were  provided  by  Introgen  Therapeutics,  Inc.  (Houston,  TX). 

Virus  Treatments.  Cells  at  80%  confluence  were  placed  in  DMEM 
supplemented  with  2%  heat-inactivated  fetal  bovine  serum  and  infected 
for  3  h  at  a  multiplicity  of  100  pfu/cell.  The  efficiency  of  infection  was 
determined  by  X-gal  (5-bromo-4-chloro-3-indolyl-(3-D-galactopyranoside) 
staining  a  sample  of  the  virus-infected  cells  (see  Ret.  28)  and  was 
usually  a:60%. 

Viability  and  Growth  Assays.  After  infection,  triplicate  aliquots  of 
cells  were  replated  in  96-well  plates  at  a  density  of  1000  cells/well.  Plates 
were  incubated  for  5-7  days,  and  surviving  cells  were  determined  by 
adding  a  solution  containing  MTS  [3-(4,5'-dimethylthiazol-2-yl)-5-(3-car- 
boxymethoxylphenyl-2-(4-sulfophenyl)-2H-tetrazolium  inner  salt]  and 
PMS  (phenazine  methosulfate;  both  purchased  from  Promega,  Madison, 
Wl.)  tor  1  h  and  determining  A590  nm  of  the  resulting  formazan  product, 
following  procedures  provided  by  the  manufacturer.  For  growth  assays, 
cells  were  plated  at  1000/per  well  in  96-well  plates.  On  successive  days 
from  day  1  through  day  8,  triplicate  samples  were  stained  with  MTS,  as 
described  above. 

Generation  of  Methotrexate-resistant  Clones.  LD^o  values  for 
methotrexate  were  determined  for  the  cell  lines  to  be  tested.  Cells  were 
seeded  at  a  starting  density  of  10^  cells/cm^  and  allowed  to  attach  for 
16  h.  Methotrexate  (Sigma  Chemical  Co.,  St.  Louis,  MO)  was  then  added 
to  a  concentration  of  5  x  LD50  or  9  x  LD50,  concentrations  known  to 
select  for  DHFR  gene  amplification  (39,  40).  Medium  with  fresh  metho¬ 
trexate  was  replaced  weekly.  When  colonies  developed  and  reached  a 
size  of  about  100-200  cells  (about  5  weeks),  plates  were  washed  in  PBS 
and  stained  with  1%  methylene  blue  in  70%  methanol. 

Analysis  of  DHFR  Gene  Copy  Number.  To  verify  DHFR  gene  ampli¬ 
fication  after  selection  in  methotrexate,  as  described  above,  several 
clones  were  picked  and  expanded.  Genomic  DNA  from  these  clones,  as 
well  as  from  parental  unselected  cells  was  prepared  from  about  1 0®  cells 
in  each  case  using  the  QIAamp  Blood  Kito  (Qiagen,  Inc.,  Chatsworth,  CA) 
and  resuspended  at  0.5  mg/ml  in  sterile  HjO,  Quantitative  PCR  was 
performed  in  50-(xl  aliquots  containing  0.2  pg  of  DNA,  50  pmol  each  of 
forward  and  reverse  primers  defining  a  270-bp  region  of  exon  1  and  intron 
A  of  the  DHFR  gene  (see  below),  50  mm  of  KCL,  10  mm  of  Tris  (pH  8.3), 
1 .5  mm  of  MgClj,  250  my  dNTPs,  0.5  fxl  of  Tac  polymerase  (Qiagen,  Inc.), 
10  p\  of  Q  buffer  (Qiagen,  Inc.),  and  1  pmol  of  radioactiveiy  end-labeled 
reverse  primer  (labeled  with  7-^^P-dATPj.  PCR  conditions  were  as  follows: 
1  cycle,  94°C  (1  min,  30  s);  25  cycles,  94°C  (1  min),  57°C  (1  min),  and  70°C 
(2  min,  30  s);  1  cycle,  94°C  (1  min),  57°C  (1  min),  and  70°C  (7  min).  After 
PCR,  10  (xl  aliquots  were  electrophoresed  on  a  1  %  agarose  gel.  The  gel 
was  vacuum-dried  for  2  h  onto  filter  paper,  and  the  PCR-amplified  270-bp 
band  was  quantitated  using  an  Ambis4000  Radioanalytic  Imaging  system 
(Ambis,  Inc.,  San  Diego,  CA),  Quantitative  conditions  were  established  by 
demonstrating  in  control  reactions  with  known  amounts  of  DNA  in  2-fold 
dilutions  that  product  formation  was  directly  proportional  to  input  tem¬ 
plate.  Primer  sequences  for  the  DHFR  gene  were:  fonward  primer,  5'- 
GGTTCGCT/W\CTGCATCGTCGC-3',  and  reverse  primer,  5'-CAG/\AAT- 
CAGCAACTGGGCCTCC-3'.  An  increase  in  DHFR  gene  copy  number  was 
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then  equal  to  the  fold  increase  in  the  PCR  product  from  cellular  DNA  of 
methotrexate-resistant  clones  compared  with  that  of  unselected  parental 
cells. 

Apoptosis  Assay.  Apoptosis  was  assayed  using  the  Cell  Death  De¬ 
tection  ELISA  (Boehringer  Mannheim,  Indianopolis,  IN),  a  quantitative 
photometric  peroxidase  immunoassay  that  detects  cytoplasmic  histone- 
associated  DNA  fragments  (mono-  and  oligonucleosomes)  that  are  re¬ 
leased  from  the  nuclei  of  cells  undergoing  apoptosis.  Cells  {2  x  10^)  were 
plated  in  24-weil  plates  and  infected  the  next  day  (when  the  cells  were 
about  80%  confluent)  with  Ad-p53  or  Ad-ggal,  as  described  above.  Forty- 
eight  h  after  infection,  cells  were  collected  and  cytoplasmic  fractions  were 
prepared  and  assayed  for  the  presence  of  mono-  and  oligonucleosomes 
by  following  the  manufacturer’s  protocol. 
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1.  Introduction 

One  of  the  challenges  of  medical  research  today  is  to  find  ways  of  bringing 
our  genetic  knowledge  of  cancer  to  clinical  application  and  to  develop 
improved  therapies  by  exploiting  gene-based  strategies.  By  offering  increased 
specificity  and  reduced  toxicity,  gene-based  approaches  promise  alternatives 
when  conventional  treatments  fail.  Gene  therapy  also  offers  improved 
responses  to  conventional  treatments  when  used  in  combination  with  gene 
therapy.  Chief  among  the  cancers  in  urgent  need  of  improved  treatment  options 
is  prostate  cancer — the  most  commonly  diagnosed  cancer  in  men. 

Advanced  prostate  cancer  is  resistant  to  most  forms  of  hormone  therapy, 
radiation  therapy,  and  conventional  chemotherapy.  In  fact,  many  of  the  most 

powerful  chemotherapeutic  drugs  commonly  used  for  other  cancers  are  not  _ 

effective  against  prostate  cancer.  Among  these  agents  is  cisplatin  (also  known  OK  to  add? 

as  c/j-diamminedichloroplatinum  [CDDP],  Platinol™,  c/5-platinum),  which 

causes  DNA  damage  in  rapidly  dividing  cells  by  forming  primarily  bifiinc- 

tional  intrastrand  adducts  between  adjacent  guanines  and  guanine-adenine 

dinucleotides.  Cisplatin  is  highly  effective  against  ovarian  cancer  and  bladder 

cancer  and  can  achieve  cures  when  used  against  testicular  cancer.  Cisplatin  has 

also  been  applied  to  colon  and  brain  tumors  but  is  not  in  routine  use  for  these 

applications  (1,2).  A  method  for  affecting  increased  sensitivity  to  cisplatin  and 

for  inhibiting  or  reversing  resistance  to  cisplatin  would  provide  an  extended 

application  for  this  drug,  an  important  agent  with  well-known  properties. 
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The  cellular  response  to  stress  and  DNA  damage  now  appears  to  be  central 
to  the  issue  of  resistance  to  DNA-damaging  chemotherapies  such  as  cisplatin, 
suggesting  that  genetic  approaches  that  target  these  pathways  may  be  effective 
in  reversing  resistance  and  enhancing  the  benefits  of  these  agents.  In  this 
chapter,  we  describe  the  potential  of  reversing  drug  resistance  through  gene 
therapies  that  target  two  major  stress  and  DNA  damage-response  pathways: 
the  Jun  NH2-terminal  kinase/stress-activated  protein  kinase  (JNK/SAPK) 
pathway  and  the  DNA  damage-induced  apoptotic  pathway  mediated  by  the 
p53  tumor  suppressor.  There  are  suggestions  that  inhibition  of  the  Jun  kinase 
pathway  or  restoration  of  the  p53  pathway  may  offer  new  biologic  approaches 
to  therapy  sensitization  in  prostate  cancer.  These  approaches  would  expand  the 
potential  of  presently  available  treatments  and  offer  alternatives  when  conven¬ 
tional  treatment  protocols  fail.  These  approaches  are  illustrated  by  the  use  of  a 
p53  adenoviral  expression  vector  and  by  the  use  of  highly  efficient  antisense 
JNK  oligonucleotides. 

1. 1.  In  Vitro  Combination  Studies 
with  p53  Adenovirus  and  Cisplatin 

The  p53  tumor  suppressor  has  attracted  considerable  attention,  not  only  for 
its  tumor  suppressor  properties  but  also  for  its  ability  to  sensitize  tumor  cells  to 
apoptosis  following  treatment  with  chemotherapy  and  radiation  (3-8).  Recent 
studies  suggest  that  p53  gene  therapy  could  have  a  broad  application  as  a 
therapy  sensitizer  in  cancer,  a  possibility  that  greatly  expands  the  clinical 
application  of  p53-based  approaches.  Because  many  cancers,  including  pros¬ 
tate  cancer,  acquire  p53  mutations  as  the  disease  progresses  and  becomes 
resistant  to  therapy,  p53  gene  therapy  in  combination  with  chemotherapy  could 
have  advantageous  application  for  these  advanced  cancers.  Numerous  in  vitro 
studies  now  support  the  application  of  p53  gene  therapy  as  a  therapy  sensitizer 
for  cancer  (3-8). 

The  results  of  screening  tumor  cells  for  sensitivity  to  various  chemothera¬ 
peutic  agents  following  exposure  of  cells  to  a  replication-defective  adenovirus 

encoding  wild-type  p53  (Adp53)  compared  to  control  vector  (Ad-p-galactosidase _ 

[AD-Pgal])  is  summarized  in  Fig.  1.  The  cells  were  treated  under  condi-  Fig  1 
tions  in  which  some  50-70%  of  them  shows  transgene  expression,  as  evi- 
denced  by  X-gal  staining  of  parallel  cultures  infected  with  Ad-pgal.  Viability 
is  scored  by  the  methanethiosulfonate  (MTS)  assay  (9).  Under  these  condi¬ 
tions,  it  was  found  that  growth  suppression  by  Adp53  alone  is  incomplete  and 
that  7-d  viabilities  of  Adp53-treated  cultures  were  about  60-80%  of  control 
vector-treated  cultures.  In  addition,  numerous  tumor  cell  types  lacking 
wild-type  p53  expression,  including  the  prostate  cancer  line  PC-3,  can  be  sen- 
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Fig.  1.  (A)  Effect  of  various  chemotherapeutic  agents  on  tumor  cells.  Ad53  is  the 
wild  type  whereas  Ad-Pgal  is  the  control  vector.  The  viability  was  scored  by  MTS 
assay.  (B)  Sensitivities  of  mutant  p53-expressing  cell  lines  to  Adp53  and  chemothera¬ 
peutic  drugs.  Viability  assay  showing  that  Adp53  suppresses  growth  and  enhances 
sensitivity  to  DNA-damaging  chemotherapeutic  drugs  in  p53  mutant-expressing  cells 
(DLD-1  colon  carcinoma  cells,  T47D  breast  cancer  cells,  PC-3  prostate  cancer  cells, 
and  T98G  glioblastoma  cells).  Infection  efficiencies  were  60-70%,  and  drug  treat¬ 
ments  1  d  postinfection  were  as  follows;  5-fluorouracil  (5FU),  10  [iM  1  h;,  doxorubi¬ 
cin  (dox)  3.7  pM  1  h,  cisplatin  (CDDP),  30  pA/for  1  h  for  PC-3  cells  and  20  ~M  1  h  for 
T98G  cells.  Viability  was  assayed  6  d  post  drug  treatment  in  all  cases  except  PC-3,  in 
which  viability  was  assayed  4  d  post  drug  treatment  and  expressed  as  a  percentage  of 
control  cells  treated  with  Ad-Pgal. 

sitized  to  chemotherapeutic  drug  treatment  following  restoration  of  wild-type 
p53  activity,  consistent  with  the  role  of  p53  in  mediating  DNA  damage  recog¬ 
nition  and  apoptosis. 
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1.2.  In  Vivo  Combination  Studies  Using  p53  Adenovirus 
and  Cisplatin  in  a  Nude  Mouse  Model  for  Prostate  Cancer 

Recently  it  has  been  shown  that  p53  is  highly  effective  at  suppressing  the 
growth  of  human  prostate  xenografts  in  nude  mice  but  fails  to  achieve  com¬ 
plete  tumor  eradication  by  itself  (10,11).  We  have  tested  the  possibility  that 
more  complete  suppression  can  be  achieved  by  combining  p53  gene  therapy 

with  the  DNA-damaging  chemotherapy,  cisplatin.  In  the  experiment  shown  in _ 

Fig.  2,  with  these  treatment  doses,  both  Adp53  and  cisplatin  administered  as  Fig  2 
single  agents  led  to  a  significant  reduction  in  tumor  growth  relative  to  tumors 
receiving  only  control  vector  (p  <  0.001).  When  combined,  Adp53  and  cisplatin 
led  to  an  even  greater  reduction  in  tumor  growth,  which  was  significantly  bet¬ 
ter  than  either  agent  used  alone  (p  <  0.02).  The  vector  doses  in  this  experiment 
were  tow  (equivalent  to  about  10-30  plaque-forming  units  [PFU]/cell)  and 
derive  completely  without  side  effects,  as  judged  by  periodic  weight  measure¬ 
ments  of  the  animals  and  histologic  examination  of  tissues,  suggesting  that 
higher  doses  or  more  prolonged  treatment  could  have  been  applied  without 
adverse  side  effects.  This  in  vivo  study  therefore  confirms  the  in  vitro  observa¬ 
tions  and  supports  the  clinical  application  of  p53  adenovirus  combination 
approaches  to  tumors  expressing  mutant  p53. 

Adenovirus-based  approaches  are  among  the  most  promising  for  clinical 
applications  of  gene  therapy.  Adenoviruses  are  relatively  easy  to  prepare,  are 
stable,  can  be  obtained  in  high  titer,  and  provide  high  gene-transfer  efficien¬ 
cies.  Adenoviruses  are  also  well  tolerated  in  patients  and  have  been  used  in 
phase  I  clinical  trials  with  few  side  effects  even  with  repeated  doses  (12-18). 
Improvements  in  tissue  targeting  of  adenovirus  will  extend  the  application  of 
adenovirus-based  approaches  to  a  broad  range  of  clinical  situations.  Neverthe¬ 
less,  adenovirus-mediated  p53  gene  transfer  has  already  shown  efficacy  in 
clinical  trials  for  lung  cancer,  hepatocellular  carcinoma,  and  head  and  neck 
cancer  (18). 

1.3.  In  Vitro  Studies  Combining  Inhibition 
of  the  JNK  Pathway  with  Chemotherapy 

Another  important  cellular  pathway  involved  in  the  DNA  damage 
response  is  the  JNK/SAPK  pathway,  which  is  often  upregulated  in  prostate 
cancer  (19,20). 

This  pathway  represents  one  of  the  mitogen-activated  protein  kinase  path¬ 
ways  and  plays  a  role  in  growth  factor  signaling,  oncogene  expression,  and 
cellular  transformation,  as  well  as  the  DNA  damage  response  (9). 

Numerous  reports  document  the  activation  of  the  JNK  pathway  in  cells  fol¬ 
lowing  treatment  with  a  variety  of  DNA-damaging  agents,  including  ultravio- 
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Fig.  2.  Suppression  of  PC-3  prostate  tumor  growth  in  nude  mice  by  Adp53  + 
cisplatin.  Vector  (Adp53  or  control  Ad-Luc,  10®  PFU/tumor)  was  administered 
intratumorally  on  days  3,  5,  7,  and  10,  and  cisplatin  was  administered  intraperitoneal 
on  d  1  and  8. 


let  (UV)  radiation,  ionizing  radiation,  methylethane  sulfate,  A^-nitro- 
//'-nitroso-guanidine,l-(3-D-arabinofuranosylcytosine),  and  cisplatin  (19).  A 
major  substrate  of  JNK  is  the  transcription  factor  c-Jun,  which  is  greatly  acti¬ 
vated  on  phosphorylation  of  serine  residuals  63  and  73.  We  have  demonstrated 
that  tumor  cells  that  stably  express  a  nonphosphorylatable  dominant  negative 

mutant  cJun  (c-Jun  [863A,  573A])  are  defective  in  repair  of  cisplatin  adducts,  _ 

consistent  with  their  increased  sensitivity  to  cisplatin  (Fig.  3).  The  DNA  repair  pig  3 
assay  that  we  used  was  based  on  the  observations  that  cisplatin  adducts  will 
inhibit  the  Taq  polymerase  such  that  the  decrease  in  yield  of  the  polymerase 
chain  reaction  (PCR)  product  is  directly  proportional  to  the  degree  of 
platination  of  the  template.  The  density  of  adducts  can  then  be  calculated  based 
on  a  Poisson  distribution  predicted  from  a  random  process  of  platination  (21) . 

Thus,  (P)  the  relative  PCR  signal  strength  (damaged  template  relative  to 
undamaged  template)  is  related  to  the  platination  level  (n),  the  number  of 
adducts  per  PCR  amplicon-sized  fragment  by  the  formula  P=  e~".  In  our  case, 
we  amplified  a  2.7-kb  fragment  of  the  HPRTase  gene,  a  fragment  providing  a 
sufficiently  large  target  size  to  enable  us  to  detect  significant  decreases  in  PCR 
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CISPLATIN/TRANSPLATIN  CONCENTRATION.  microM 

Fig.  3.  Cisplatin  and  Transplatin  sensitivity  ofT98G  cells  and  clones.  Cell  survival 
(viability)  assay  showing  that  expression  of  mutant  Jun  (dnJun)  sensitizes  clonal  T98G 
cells  (■)  to  cisplatin.  As  controls,  similar  viability  results  are  shown  for  wild-type 
c-dun  overexpressing  clonal  T98G  cells  (♦),  and  empty  vector  expressing  clonal  T98G 
cells  (•).  Open  symbols  represent  the  corresponding  experiments  with  the  inactive 
transplatin  control  indicating  that  decreased  survival  by  inhibition  of  the  JNK  path¬ 
way  is  specific  to  cisplatin-generated  DNA  damage  (after  ref.  22). 


1 


Au:  Reproduced 
from? 


signals  from  templates  from  cisplatin-treated  cells.  Amplification  of  a  smaller 
fragment  of  150  bp  in  length,  a  fragment  too  small  to  register  significant  levels 

of  platination  under  our  conditions,  served  as  a  control  for  the  efficiency  of  the  _ 

PCR  amplification.  Table  1  summarizes  the  frequency  of  adduct  formation  Table  1 
calculated  after  quantitating  the  PCR  signal  strengths  (results  of  two  experi- 
ments  performed  in  triplicate).  As  shown  in  Table  1,  cisplatin  adducts  form  at 
a  greater  frequency  on  genomic  DNA  in  mutant  Jun-expressing  cells  than  in 
parental  cells.  In  addition,  mutant  Jun-expressing  cells  show  no  repair  of 
adducts  in  a  6-h  recovery  period  following  a  l-h  treatment  with  cisplatin, 
whereas  parental  cells  repair  about  half  of  the  adducts  in  that  time  period. 

These  results  have  been  confirmed  using  a  plasmid  recovery  DNA  repair _ 

assay  (Fig.  4).  In  this  assay,  cells  are  transfected  with  chloramphenicol  Fig  4 
acetyltransferase  (CAT)  reporter  plasmids  that  have  been  damaged  ex  vivo  by 
previous  treatment  with  25  [lM  cisplatin  for  3  h.  Reporter  gene  expression  24 
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Table  1 

Cisplatin-DNA  Adducts  per  2.7  kb 


Treatment 

T98G  Parental  cells 

T98G  Mutant  Jun  cells 

200  pA/ cisplatin  for  1  h 

0.48  ±  0.08 

0.63  ±0.2 

200  pA/ cisplatin  for  1  h. 

0.20  ±  0.05 

0.55  ±0.2 

6  h  recovery 

Fig.  4.  Plasmid  reactivation  assay  using  CAT  reporter  plasmid  damaged  ex  vivo  by 
treatment  with  cisplatin  (cspt).  Reporter  gene  expression,  assayed  24  h  post¬ 
transfection,  indicates  that  mutant  Jun-expressing  clonal  T98G  cells  are  suppressed  in 
their  ability  to  repair  and  express  the  CAT  transgene. 

and  48  h  posttransfection  is  taken  as  an  indication  of  DNA  repair.  As  shown  in 
Fig.  4,  cells  that  express  mutant  Jun  are  suppressed  relative  to  parental  cells  in 
their  ability  to  repair  the  damaged  plasmid,  consistent  with  the  PCR-based 
DNA  repair  assays. 

Although  the  mechanism  by  which  the  JNK  pathway  affects  DNA  repair  is 
not  known,  there  are  several  candidate  target  genes  whose  roles  in  DNA 
synthesis  and  repair  could  account  for  observations  that  we  have  made.  The 
promoters  of  DNA  synthesis  and  repair  genes  contain  AP-1  or  ATF2/CREB 
regulatory  elements  (Table  2).  These  include  DNA  polymerase  P,  topo- 
isomerase  I,  topoisomerase  II,  uracyl  glycosylase,  proliferating  cell  nuclear 
antigen,  and  metallothionine.  In  several  cases,  such  as  DNA  polymerase  p, 
exposure  of  cells  to  UV  radiation  is  known  to  induce  the  gene,  and  ATF2/ 
CREB  sites  are  required  for  this  induction.  Thus,  a  number  of  genes 
involved  in  DNA  excision  repair  may  be  coordinately  upregulated  on  acti¬ 
vation  of  the  JNK  pathway  following  cisplatin  damage.  Some  or  all  of  these 
could  serve  as  potential  targets  for  gene  therapy  approaches  to  drug  sensitiza¬ 
tion  of  cancer. 


Au:  Define  AP-1  & 
ATF2/CREB 


Table  2 
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1.4.  In  Vivo  Studies  Combining  Inhibition 

of  the  Jun  Kinase  Pathway 

by  Antisense  Targeting  JNK  with  Chemotherapy 

In  a  parallel  arm  of  the  in  vivo  study  shown  in  Fig.  2,  we  tested  the  antitu¬ 
mor  efficacy  of  downregulation  of  JNK  combined  with  cisplatin.  In  this  study, 
we  downregulated  JNK  with  antisense  oligonucleotides  targeting  either  the 
JNKl  or  JNK2  family  of  JNK  isoforms.  These  compounds  were  previously 
developed  and  characterized  as  described  (22,23). 

An  important  methodological  consideration  is  the  use  of  high  affinity 
antisense  oligonucleotides  that  completely  suppress  target  mRNA  and  protein 
at  low  concentration.  In  collaborative  studies  with  Isis  Pharmaceuticals,  we 
have  developed  a  systematic  method  that  now  has  been  adapted  to  a  multiwell 
procedure.  The  salient  features  are  that  a  large  series  of  phosphorothioate  oli¬ 
gonucleotides  complementary  to  20  nucleotide  stretches  of  JNKl  and  JNK2 
spaced  approximately  every  50  bp  along  the  transcribed  portion  of  the  gene 
are  prepared  on  a  small  scale.  Thus,  the  target  gene  sequence  must  be  known. 
These  trial  oligonucleotides  are  then  tested  for  the  ability  to  suppress  steady- 
state  transcript  levels  in  culture  cells  24  h  after  a  4-h  lipid-mediated  transfec¬ 
tion  (22,23).  Most  of  these  trial  oligonucleotides  we  tested  were  not  efficient  at 
promoting  suppression  of  target  mRNA  at  low  (0.2-0.4  \iM)  concentration. 
However,  it  was  readily  possible  to  identify  antisense  compounds  that  were 
>90%  efficient  at  eliminating  target  mRNA  at  these  low  concentrations  after  a 
single  4-h  transfection.  This  step  is  key  in  avoiding  any  temptation  to  use  less 
efficacious  antisense  compounds  by  increasing  the  concentration  to  high  levels 
(>1  \xM)  at  which  many  nonspecific  interactions  leading  to  aberrant  cellular 
localization  and  weak  membrane-protein  complex  formation  have  been 
observed  (24).  Moreover,  compounds  that  require  >1  \iM  cannot  be  considered 
as  potential  drugs  owing  to  the  generation  of  nonspecific  interactions  and  to 
the  many  drawbacks  in  attempting  to  achieve  local  concentrations  on  the  order 
of  ~1  )iM  in  vivo.  These  considerations  are  likely  important  in  understanding 
the  many  difficulties  some  researchers  have  had  in  “getting  antisense  to  work.” 

For  the  studies  summarized  here,  it  was  possible  to  select  highly  efficient 
antisense  oligonucleotides  that  are  complementary  to  a  sequence  that  is  invari¬ 
ant  in  all  isoforms  of  JNKl  or  JNK2,  thereby  making  it  possible  to  reduce  or 
eliminate  all  isoforms  of  JNKl  or  JNK2  with  a  single  antisense  oligonucle¬ 
otide.  Next,  the  elapsed  time  of  suppression  of  target  mRNA  and  target  protein 
was  determined  (23) .  These  studies  showed  that  a  single  antisense  treatment 
suppressed  target  mRNA  and  protein  from  approximately  24  h  to  72  h,  thereby 
defining  a  2-d  window  in  which  antisense-mediated  effects  could  be  observed 
{f22,23J;  unpublished  data).  However,  for  growth  studies  in  which  cell  num¬ 
bers  are  counted  or  tumor  volume  is  measured,  any  loss  of  growth  owing  to 
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inhibition  of  a  growth-promoting  target  protein  will  remain  apparent  as 
decreased  total  growth  for  at  least  3  wk  (22). 

Because  a  variety  of  human  tumor  cells,  including  PC-3  cells,  were  sensi¬ 
tized  to  the  cytotoxic  effects  of  DNA-damaging  cisplatin  in  vitro  upon  inhibi¬ 
tion  of  the  INK  pathway  (9),  it  was  decided  to  test  whether  xenografts  of  PC-3 
cells  could  be  sensitized  to  cisplatin.  Moreover,  because  many  of  the  potential 
JNK-regulated  genes  encode  gene  products  that  facilitate  DNA  synthesis 
(Table  2),  it  appeared  logical  to  expect  that  inhibition  of  INK  in  vivo  may 
affect  tumor  growth  even  in  the  absence  of  cisplatin  (25).  This  experiment  was 
carried  out  as  a  separate  arm  of  the  same  in  vivo  study  as  for  the  evaluation  of 
Adp53  in  Fig.  2. 

Following  inoculation  of  the  mice  with  the  PC-3  cells,  the  animals  were 
monitored  until  visible  and  palpable  tumors  developed.  At  this  point  and  for  all 
subsequent  observations,  tumor  volumes  were  estimated  from  the  length  and 
width  of  the  tumors  (see  Subheading  3.2.).  Treatment  consisted  of  intraperito- 
neal  injection  of  oligonucleotide  solution  (see  Subheading  2.2.)  daily  for  6  of 
7  d/wk.  On  the  d  7,  oligonucleotide  treatment  was  omitted  and  the  mice 

_ received  either  vehicle  or  cisplatin  (see  Subheading  3.2.).  Treatment  (systemic 

Au:  comma  OK?  antisense  oligonucleotide,  25  mg/kg  of  an  equimolar  mixture  of  antisense 
JNKl  and  antisense  JNK2  termed  combined-antisense  JNKl  +  JNK2,  or  a 
scrambled-sequence  oligonucleotide  or  vehicle  phosphate-buffered  saline 

[PBS]  alone)  was  initiated  on  development  of  readily  visible  and  palpable  _ 

tumors  (Fig.  5).  Every  seventh  day,  antisense  treatment  was  omitted  and  a  sub-  Fig  5 
group  of  15  animals  receiving  the  combined-antisense  treatment  also  received 
cisplatin,  i.e.,  the  same  dose  of  cisplatin  and  timing  as  for  the  p53  treatment 
regimen.  As  a  control,  a  separate  group  of  animals  received  cisplatin  alone.  To 
confirm  that  systemic  antisense  treatment  led  to  inhibition  of  JNK  activity, 

INK  activity  of  tumor  extracts  was  determined  18  h  after  antisense  treatment. 

These  studies  demonstrated  an  89%  reduction  in  steady-state  tumor  JNK  activ¬ 
ity  in  tumors  of  antisense-treated  animals  compared  with  the  activity  of  PC-3 
cells,  and  an  80%  reduction  compared  with  the  tumor  JNK  activity  of 
scrambled  sequence  oligonucleotide-treated  animals  (Fig.  5). 

We  observed  that  treatment  with  antisense  oligonucleotides  either  antisense 
JNK2  or  combined-antisense  treatment — led  to  marked  inhibition  of  tumor 
growth,  and  these  results  were  superior  to  those  for  cisplatin  alone.  When  the 
growth  curves  in  Fig.  5  were  integrated,  it  was  found,  e.g.,  that  combined  treat¬ 
ment  led  to  78%  inhibition  whereas  cisplatin  treatment  led  to  47%  tumor 
growth  inhibition.  These  results  are  significantly  less  (p  <  0.002)  than  those  for 
controls  (vehicle  alone,  scrambled-sequence  oligonucleotide)  and  are  signifi¬ 
cantly  different  from  each  other  (p  <  0.02;  analysis  of  variance).  The  effect  of 
_  antisense  JNK  can  be  attributed  largely  to  antisense  JNK2  (Fig.  5).  The  domi- 
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Fig.  5.  Application  of  antisense  JNK  and  cisplatin  chemotherapy  to  established 
xenografts  of  PC-3  human  prostate  carcinoma  cells.  Groups  of  10-11  or  15  athymic 
female  mice  that  had  been  inoculated  with  PC-3  cells  and  allowed  to  develop  visible 
tumors  were  started  on  treatment  (“start”  arrow)  of  either  one  of  the  indicated  antisense 
oligonucleotide  solutions  by  daily  IP  injection  or  cisplatin  weekly  or  a  control  consist¬ 
ing  of  vehicle  alone  or  a  scrambled  sequence  oligonucleotide.  The  average  size  of  the 
tumors  for  each  treatment  group  is  plotted  from  the  time  of  inoculation  to  the  end  of 
treatment  (“end”  arrow).  The  percentage  of  inhibition  of  growth  was  calculated  by 
integrating  each  curve  and  expressing  the  result  as  100  x  [1 -(growth/growth  of  con¬ 
trol)].  These  experiments  were  carried  out  in  parallel  with  the  p53  adenovirus-treated 
PC-3  tumors. 


nance  of  JNK2  has  been  observed  in  human  lung  carcinoma  cells  (22)  and  in  a 
series  of  nine  human  prostate  carcinoma  cell  lines  (26).  When  antisense 
cisplatin  treatments  were  combined,  growth  inhibition  was  further  enhanced  to 
89%  of  maximum  growth  inhibition  (Fig.  5).  Thus,  these  in  vivo  studies  sug¬ 
gest  that  it  may  be  possible  both  to  inhibit  growth  and  to  sensitize  solid  tumors 
to  chemotherapy  by  eliminating  the  JNK  pathway. 

1.5.  Combined  Inhibition  of  Jun  Kinase 
and  Restoration  of  p53 

The  approaches  described  here  have  implications  for  therapeutic  approaches 
targeting  the  DNA  damage  response  in  tumor  cells.  Upregulation  of  the  DNA 
repair  machinery  may  accompany  tumor  progression  and  the  development  of 
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Fig.  6.  Cells  modified  to  express  mutant  jun  are  sensitized  to  p53.  Relative  4-d 
growth  following  Ad  p53  treatment  or  Ad-13gal  treatment  (control)  of  PC-3  prostate 
carcinoma  cells  (parental),  PC-3  empty  vector  transduced  cells,  and  PC-3  mutant 
Jun-expressing  cells  (PC3-mjun).  Growth  was  assayed  using  the  MTT  assay. 


drug  resistance.  This  process  may  involve,  in  part,  AP-1  and  ATF2/CREB- 
regulated  DNA  synthesis  and  repair  genes.  In  fact,  earlier  studies  by  Scanlon  et 
al.  (27)  demonstrated  that  downregulation  of  AP-1  activity  using  a  c-fos 
ribozyme  was  effective  at  sensitizing  ovarian  carcinoma  cells  to  cisplatin,  and 
this  correlated  with  downregulation  of  DNA  polymerase  p,  topoisomerase  I, 
and  thy midy late  synthetase,  all  known  to  have  AP-1  sites  in  their  promoter 
regions  (27)  (Table  2). 

Independent  of  JNK  DNA  damage  response,  loss  of  the  p53  tumor  suppres¬ 
sor  contributes  to  resistance  to  DNA-damaging  therapies  by  removing  an  im¬ 
portant  component  of  the  DNA  damage  recognition  machinery.  Because  p53 
induces  apoptosis  in  response  to  the  level  of  DNA  damage,  it  is  likely  that  the 
success  or  failure  of  DNA  repair  contributes  to  the  suppressive  effects  of  p53. 
We  therefore  hypothesized  that  cells  in  which  the  JNK  pathway  was  inhibited 
would  show  greater  growth  inhibition  following  exposure  to  p53  adenovirus. 
As  shown  in  Fig.  6,  this  is  indeed  the  case.  In  this  experiment,  PC-3  prostate 
cancer  cells  expressing  mutant  Jun  were  much  more  growth  suppressed  fol¬ 
lowing  treatment  with  p53  adenovirus  in  7-d  96-well  growth  assays  than  were 
parental  cells  or  cells  modified  with  empty  vector. 

These  results  support  the  combined  application  of  p53  gene  therapy  along 
with  antisense  therapy  to  inhibit  the  JNK  pathway,  or  some  downstream 
target  of  the  pathway.  When  used  in  combination  with  conventional  che¬ 
motherapies  such  as  cisplatin,  the  combined  approach,  which  can  be  fore¬ 
seen  today,  may  extend  the  application  of  conventional  treatments  to 
prostate  cancer  and  provide  a  new  strategy  for  treatment  of  therapy-resistance 
advanced  disease. 


Fig  6 
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2.  Materials 

1 .  Adenoviral  vectors  (Deborah  Wilson,  Introgen  Therapeutics,  Houston,  TX)  {see 
Note  1). 

2.  Antisense  phosphorothiates  dexyoligonucleotides  (see  Note  2;  see  also  ref.  23): 

a.  JNKl:  5'-CTCTCTGTAGGCCCGCTTGG-3'. 

b.  JNK2:  5'-GTCCGGGCCAGGCCAAAGTC-3'. 

3.  Delbecco’s  modified  minimum  medium  supplemented  with  10%  fetal  calf  serum 
(Irvine  Scientific,  Irvine,  CA).  PC-3  human  prostate  carcinoma  cells,  as  well  as 
other  cell  lines  used  in  in  vitro  assays  (T47D  breast  cancer  cells,  DLD-1  colon 
cancer  cells,  and  T98G  glioblastoma  cells)  were  grown  at  37°C  in  an  environ¬ 
ment  of  10%  CO2. 

4.  Animals;  5-  to  6-wk  athymic  female  postweaning  Harlan  Sprague-Dawley  mice 
(Harlan,  Indianapolis,  IN). 

5.  lOX  PBS:  2  g  of  anhydrous  KH2PO4,  1 1.4  g  of  anhydrous  Na2HP04,  2  g  of  KCl, 
80  g  of  NaCl.  Make  up  the  volume  to  1  L  with  H2O.  Dilute  1:10  before  use. 

6.  X-gal  staining  solution:  1  mg/mL  of  5-bromo-4-chloro-3-indoyl-P-D-galacto- 
pyrano-side(X-gal),  5  mM  potassium  ferricyanate,  5  mA/ potassium  ferrocyanate, 
2mAfMgCl2  in  PBS, 

7.  Tag  polymerase  (Qiagen). 

8.  250  \iM  dNTPs  (Pharmacia  Biotech.). 

9.  PCR  Reaction  mix:  25-|4L  reactions  contain  0.03-0.25  |4g  of  DNA,  25  pmol  each 
of  forward  and  reverse  primer,  250  ]iM  dNTPs  (Pharmacia  Biotech.),  1 .25  U  Tag 
polymerase  (Qiagen),  1 X  buffer  (Qiagen),  Solution  Q  (Qiagen).  The  deoxyri- 
bonucleotide  pruners  are  5'-TGGGATTACACGTGTGAACCAACC-3'  and 
5'-GATCCACAGTCTGCCTGAGTCACT-3’,  respectively,  with  a  5'  nested 
primer  of  5'-CCTAGAAAGCACATGGAGAGCTAG-3’  {see  Note  6). 

10.  CAT  assay  reaction  mix  (per  reaction):  70  (xL  of  cell  lysate,  30  [xL  of  5  mM 
chloramphenicol,  0.4  |xL  of  ^H-acetylCoA  (200  mCi/mmol;  NEN®Life  Science), 
0.6  jxL  (4.4  )xg/nL)  of  nonradioactive  acetylCoA  (Pharmacia  Biotech.). 

11.  Whole-cell  extract  (WCE)  buffer:  20  mMHEPES,  pH  8.0;  75  mMNaCl;  2.5  mM 
MgClj,  0.05%  (v/v)  Triton  X-100,  0.5  mM  dithiothreitol  (DIT);  20  mM  P-glycero- 
phosphate;  0.1  mM  Na3V04;  2  |Xg/mL  leupeptine,  100  ng/mL  paramethyl- 
sulfonyl  fluoride. 

12.  JNK  assay  buffer:  20  mMHEPES,  pH  7.7;  20  mM  MgCl2,  20  mM  P-glycero- 
phosphate;  20  mM  p-nitrophenyl  phosphate;  0.1  mMNa3V04,  2  mMDTT;  20 
)xM  adenosine  triphosphate  (ATP);  5  fxCi  of  [A,^^P]  ATP. 

13.  Oligonucleotide  transfection  (lipofection)  solution:  Mix  10  |Xg/mL  of  lipofectin 
(Gibco-BRL,  Gaithersburg,  MD)  reagent  in  MEM  (Gibco-BRL,  Gaithersburg, 
MD)  with  an  equal  volume  of  oligonucleotide  solution,  incubating  this  mixture 
at  room  temperature  for  15  min  and  diluting  it  with  lipofectin  solution  to  a  final 
oligonucleotide  concentration  of  0.4  pM. 

14.  X-gal  staining  solution:  1  mg/mL  5-bromo-4-chloro-3-indoyl-P-D-galacto- 
pyranoside,  5  mM  potassium  ferricyanate,  5  mM  potassium  ferrocyanate,  2  mM 
MgCt  in  PBS. 
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15.  Lipofection  solution  for  plasmid  transfection:  Prepare  a  1  Ixg/liL  stock  of  DOT  AP 
lipofection  reagent  (Boehringer  Mannheim,  Indianapolis,  IN).  Prepare  the  mix 
(per  well)  of  a  24-well  tissue  culture  plate  as  follows: 

a.  Plasmid/HEPES  mix:  1 .25  pL  ( 1  pg/pL)  of  plasmid  +  1 1 .25  pL  5  mMHEPES, 
pH  7.8. 

b.  DOTAP/HEPES  mix:  7.5  pL  of  DOTAP  (1  pg/pL)  +  17.5  pL  of  5  tnM 
HEPES,  pH  7.8. 

Mix  the  entire  contents  of  (a)  and  (b)  together,  and  incubate  for  30  min  at 
room  temperature. 

1 6.  Cisplatin  (diaminodichloro  c«-platinum):  Aqueous  Platinol  (Bristol  Myers  Squibb). 

3.  Methods 

3.1.  96-Well  Growth  Assay 

1 .  Plate  cells  in  complete  medium  1  day  prior  to  vector  treatment  in  24-well  tissue 
culture  plates  so  that  their  density  at  the  time  of  treatment  is  about  70-80%  of 
confluence. 

2.  Treat  the  cells  with  Adp53  or  Ad  Egal  for  2  to  3  h  (100  PFU/cell). 

3.  Incubate  the  cells  for  additional  2  d  in  one  of  the  Ad-Pgal-treated  wells. 

4.  Remove  the  medium  and  wash  the  wells  two  times  with  PBS. 

5.  Fix  the  cells  by  overlaying  with  a  solution  containing  3.7%  parafomaldehyde 
(v/v)  in  PBS  for  mm. 

6.  Wash  the  wells  with  PBS  and  overlay  with  X-gal  staining  solution. 

7.  Incubate  the  cells  at  37°C  overnight  to  allow  development  of  blue  stain  in 
P-galactosidase-expressing  cells  for  estimating  the  infection  efficiency. 

8.  Following  treatment  with  vector,  plate  the  cells  at  low  density  (1000  cells/well) 
in  96-well  plates  {see  Note  4).  Treat  (in  triplicate)  with  drug  (e.g.,  cisplatin)  or 
antisense  {see  Subheading  3.6.)  for  1-4  h  depending  on  the  drug,  followed  by 
incubation  for  an  additional  5-7  d  {see  Note  1). 

9.  Incubate  the  cells  for  an  additional  6  d  and  score  viability  by  adding  the  tetrazo- 
lium  dye  MTT  for  1  h  and  determining  the  A260  of  the  formazan  product  as 
described  by  the  manufacturer  (Promega)  {see  refs.  9  and  23). 

3.2.  Subcutaneous  Tumor  Model  in  Nude  Mice 

1 .  Inoculate  5x10®  PC-3  prostate  cancer  cells  (mutant  p53)  subcutaneously  on  the 
back  of  nude  mice  by  injecting  100  pL  of  a  cell  suspension  in  PBS  at  5  x  10^ 
cells/mL. 

2.  Allow  tumors  develop  5  d  to  a  size  of  50-100  mm^. 

3.  Estimate  tumor  volume  by  measuring  the  length  and  width  of  the  tumor  with  a 
caliper  and  calculate  using  the  following  formula:  volume  =  ni6  (length  x  width^). 

4.  Initiate  treatment  (designated  day  1)  and  monitor  tumor  volume  every  2  to  3  d 
{see  Note  2). 

5.  For  oligonucleotide  treatment,  inject  mice  intraperitoneally  at  25  mg/kg  and 
based  on  the  average  weight  of  all  mice  by  daily  ip  injection  with  a  solution 
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at  a  concentration  yielding  the  total  dose  in  0.2  mL  of  PBS.  Treat  control  animals 
with  either  vehicle  alone  or  the  scrambled-sequence  control  oligonucleotide. 

6.  For  cisplatin  treatment,  inject  mice  intraperitoneally  at  0.4  mg/kg  once  per  week. 
For  combined  antisense  JNK  cisplatin  treatment,  inject  antisense  JNK  oligo- 
doxynucleotides  for  6  d  and  cisplatin  on  the  day  7. 


3.3.  Analyses  of  DN A  Repair  by  PCR  Stop  Assay 


Au:  OK  to  add 
step  7? 


1 .  Prepare  genomic  DNA  from  about  5x10^  cultured  cells  using  the  QlAmp  blood 
kit  (Qiagen)  essentially  following  the  manufacturer’s  protocol,  except  lyse  the 
cells  directly  on  the  plate  in  the  presence  of  PBS,  Qiagen  protease,  and  lysis 
buffer  supplied  in  the  kit. 

2.  Following  purification,  adjust  the  DNA  concentration  to  0.25  mg/mL  in  sterile 
water  and  store  at  -20°C  until  use. 

3.  Carry  out  quantitative  PCR  as  described  (32)  for  the  measurement  of  cisplatin 
adduct  formation  on  specific  regions  of  DNA  {see  Note  4).  For  each  primer 
pair,  verify  that  product  formation  is  directly  proportional  to  input  template 
by  performing  a  pilot  experiment  with  serial  twofold  dilutions  of  template, 
followed  by  electrophoresis  on  a  1%  agarose  gel  containing  0.5  |4g/mL  of 
ethidium  bromide. 

4.  Quantify  bands  using  a  Kodak  digital  camera  and  analysis  software  or  an  equiva¬ 
lent  apparatus  for  the  integration  of  band  intensity  from  photographic  film  and 
determine  adduct  numbers  using  P  =  e'"  {see  Note  4). 

5.  For  the  PCR  reaction,  use  primers  at  a  concentration  of  0.03-0.25  pg  per  25-pL 
reaction,  depending  on  the  amount  of  template  used  in  the  PCR  reaction. 

6.  Carry  out  the  PCR  reaction  using  the  following  amplification  program;  1  cycle 
of  94°C  for  1  min  30  s;  25  cycles  of  94°C  for  1  min,  57°C,  for  1  min,  and 
70°C  for  2  min  30  s;  1  cycle  of  94'’C  for  1  min;  57°C  for  1  min,  and  70°C  for 
7  min. 

7.  Use  two  independent  templates  for  each  treatment  condition  and  set  up  each  for 
analysis  in  triplicate  with  one  template  as  an  internal  PCR  control  in  order  to 
generate  a  270-bp  fragment  of  the  dihydrofolate  reductase  gene  {see  Notes  3  and  6). 


3.4.  Analysis  of  DNA  Repair  Using  CAT  Reporter  Assay 

1 .  Treat  1 00  pg  of  CAT  reporter  plasmid  (in  which  the  CAT  gene  is  expressed  from 
the  RSV  promoter),  with  25  pM  cisplatin  in  300  pL  total  of  PBS  on  ice  for  3  h  to 
create  cisplatin-damage  reporter  DNA. 

2.  Precipitate  the  DNA  by  adding  150  pL  of  7.5  Af  NH4AC  and  450  pL  of  isopropanol. 

3.  Leave  the  mixture  at  -20°C  for  1  h. 

4.  Centrifuge  the  DNA  at  14,000g  for  30  min. 

5.  Perform  two  washes  with  70%  ethanol,  followed  by  a  final  wash  in  absolute  ethanol. 

6.  Resuspend  the  DNA  in  sterile  H2O  and  use  for  transfections. 

7.  Process  untreated  DNA  the  same  way  but  without  the  addition  of  cisplatin,  and 
use  this  plasmid  preparation  as  a  control. 
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8.  Plate  the  cells  in  24-well  plates  the  day  prior  to  transfection  so  that  their  density 
at  the  time  of  transfection  is  50%  (about  10*  cells/well). 

9.  Set  up  transfections  in  triplicate  wells  with  either  1-1.25  pg  of  undamaged  plas¬ 
mid  or  damaged  plasmid  for  the  24-h  time  point  together  with  a  second  set  of 
triplicate  wells  transfected  for  the  48-h  time  point,  using  the  DOTAP  liposomal 
transfection  reagent  (see  Subheading  2.5.9.). 

10.  Add  500  pL  of  medium  to  the  entire  contents  of  step  7  and  mix  well. 

11.  Wash  the  cells  in  the  well  of  a  24-weU  plate  twice  with  IX  PBS. 

12.  Add  537.5  pL  of  transfection  (step  8)  to  the  well. 

13.  Incubate  the  reaction  overnight  in  the  37°C,  10%  CO2  incubator. 

14.  Aspirate  off  the  transfection  mix  and  wash  the  cells  twice  with  IX  PBS. 

15.  Aspirate  off  the  PBS  and  replace  with  1  mL  of  fresh  complete  culture  medium. 

16.  Incubate  for  24-48  h  at  37°C,  10%  COj. 

1 7.  Remove  the  medium,  wash  the  cells  twice  with  PBS,  and  store  the  plate  dry  at  -70°C 
until  required. 

3.5.  CAT  Assay 

1 .  Thaw  the  plates  from  step  16  in  Subheading  3.4,  for  5  min  at  37‘'C. 

2.  Add  100  pL  of  IX  Reporter  Lysis  Buffer  (Promega)  to  each  well  of  a  24-well  plate. 

3.  Shake  the  plate  vigorously  for  15  min. 

4.  Transfer  the  entire  100  pL  of  lysate  to  microcentrifuge  tubes. 

5.  Spin  the  lysates  for  2  min  at  14,000g  (4°C). 

6.  Transfer  the  supernatants  to  fresh  tubes. 

7.  Heat  the  supernatants  for  10-15  min  at  65°C  to  destroy  deacetylase  activity.  If 
particulate  material  is  present  after  this  heating  step,  centrifuge  again  and  collect 
the  supernatants. 

8.  Measure  the  protein  concentration  of  each  sample  using  the  Bio-Rad  Protein 
Assay  (Bio-Rad),  following  the  manufacturer’s  instructions. 

9.  Equalize  the  protein  concentration  of  the  samples  using  1 X  Reporter  Lysis  Buffer 
(Promega).  Add  31  pL  of  CAT  reaction  mix  to  70  pL  of  the  samples. 

10.  Incubate  the  mix  at  37°C  for  2  h. 

1 1 .  Add  the  entire  sample  to  1  mL  of  7  A/  urea. 

12.  Add  1  mL  of  toluene:PPO  (8  g  of  PPO  [2.5-diphenyloxazole]/mL  toluene).  Shake 
well  and  count  using  a  scintillation  counter.  The  resulting  counts  are  proportional 
to  accumulated  CAT  expression  and,  therefore,  total  CAT  activity. 

3.6.  Antisense  Oligonucleotide  Transfection 

1.  Wash  70%  confluent  cultures  (24  h  after  plating)  in  tissue  culture  plates  twice 
with  PBS. 

2.  Incubate  the  cells  with  lipofectin-0.4  pM  oligonucleotide  solution  (see  Subhead¬ 
ing  2)  at  31°C  in  10%  CO2  from  4  h  to  overnight  (see  Note  7). 

3.  Following  lipofection,  wash  the  cells  once  with  serum-free  MEM  and  continue 
the  culture  in  complete  medium  for  24  h  prior  to  INK  assay  (see  Subheading 
3.7)  or  4  d  prior  to  growth  assay  (9)  (see  Note  7). 


Au:  There  is  no  2.5.9. 
Please  clarify. 
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3.7.  JNK  Assay 

1 .  Transfect  the  cells  with  oligonucleotides  as  described  in  Subheading  3.5. 

2.  Wash  the  cells  with  ice-cold  PBS  and  suspend  in  WCE  buffer. 

3.  Determine  the  protein  concentration  of  the  cell  extracts  by  the  Bradford  dye 
method  (Bio-Rad)  (see  Note  8). 

4.  Carry  out  the  kinase  assay  as  follows  (28,29): 

a.  Mix  50  (Jg  of  WCE  with  10iJgofGST-c-Jun(l-223)for3hat4°C(seeNote9). 

b.  Wash  four  times  and  incubate  the  beads  with  30  pL  of  kinase  reaction  buffer 
for  20  min  at  30°C. 

5.  Stop  the  reaction  by  adding  of  20  pL  of  Laemmli  sample  buffer. 

6.  Elute  the  phosphorylated  GST-c-Jun  protein  by  boiling  the  sample  for  5  min. 

7.  Resolve  the  components  by  10%  sodium  dodecyl  sulfate-polyacrylamide  gel  elec¬ 
trophoresis  (see  Note  8). 

8.  Quantify  the  ^-P-phosphorylated  GST-c-Jun  by  digitization  and  integration  of  the 
respective  “band”  values  of  the  autoradiograph  of  the  dried  gel  (see  Notes  3  and  10). 

4.  Notes 

1.  These  vectors  are  replication-defective  adenoviral  recombinants  in  which  the 
early  region  genes  El  A  and  E  IB  required  for  viral  replication  have  been  deleted 
and  replaced  with  an  expression  cassette  containing  the  transgene  of  interest.  In 
the  case  of  the  p53  adenovirus  (Adp53),  the  expression  cassette  consisted  of  the 
human  wild-type  p53  coding  sequence,  flanked  by  the  cytomegalovirus  (CMV) 
promoter,  and  the  simian  virus  40  (SV40)  polyadenylation  signal.  In  the  case  of 
the  control  adenovirus  (Adpgal),  the  expression  cassette  consisted  of  the  bacte¬ 
rial  P-galactosidase  coding  sequence  flanked  by  the  CMV  promoter  and  SV40 
polyadenylation  signals.  In  the  case  of  the  control  adenovirus  (AdLuc),  the 
expression  cassette  consisted  of  the  firefly  luciferase  coding  sequence  flanked  by 
the  Rous  sarcoma  virus  promoter  and  SV40  polyadenylation  sequences.  Viral 
stocks  were  stored  at  -70°  C  and  repeated  freezing  and  thawing  were  avoided. 
The  concentrations  of  the  stocks,  expressed  in  plaque-forming  units  per  milliliter 
were  1  to  2  x  10' 

2.  The  sequences  were  determined  in  preliminary  studies  utilizing  a  messenger  walk 
procedure  as  described  (see  refs.  28  and  29).  Since  in  vivo  studies  require  large 
amounts  of  oligonucleotide,  a  single  “scrambled  sequence”  control  sequence  was 
chosen  consisting  of  a  scrambled  20-nt  sequence  previously  used  as  a  control  in 
the  analysis  of  antisense  protein  kinase  Ca:  5'  TCGCATCGACCCGCCCACTA-3'. 
Both  ASJNK  sequences  contain  a  single  CpG  sequence  thought  to  have  potential 
immunostimulatory  properties  that,  therefore,  may  influence  xenograft  growth 
by  immunologic  mechanisms.  The  control  oligonucleotide  used  here  has  a  nucle¬ 
otide  composition  closely  approximating  the  average  of  antisense  JNKl  and 
JNK2  but  contains  three  CpG  dinucleotide  sequences  thereby  providing  a  control 
for  the  potential  influence  of  CpG  sequences.  All  three  oligonucleotides  were 
prepared  and  purified  as  previously  described  (34,35). 
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3.  The  0.15-kb  segment  of  genomic  DNA  amplified  by  use  of  the  nested  primer 
sustains  undetectable  levels  of  DNA  damage  under  our  conditions  and  serves  as 
an  internal  PCR  control  and  the  basis  for  normalization  of  the  amount  of  amplifi¬ 
cation  of  the  2.7-kb  fragment.  The  nested  amplification  product  varies  by  <5-10% 
among  the  various  templates  that  we  have  used. 

4.  Wells  that  do  not  receive  drug  serve  as  a  control  to  which  drug-treated  wells  are 
compared.  Example  drug  treatments  are  as  follows:  5-fluorouracil  (Adrucil™, 
Pharmacia  Biotech.),  10  mM  for  1  h;  doxorubicin  (doxorubicin  hydrochloride, 
Aldrich),  3.7  pMfor  1  h,  cisplatin  (Platinol™,  Bristol-Myers  Squibb),  30  \iM for 
1  h  for  PC-3  and  20  \i.M  for  1  h  for  T98G. 

5.  Because  Taq  polymerase  is  blocked  at  cisplatin  adducts,  the  relative  efficiency  of 
PCR  amplification  of  genomic  DNA  from  cisplatin-treated  vs  control  cells  drops 
in  proportion  to  platination  levels.  The  relative  PCR  efficiency  is  equal  to  the 
frequency  of  undamaged  strands,  P,  within  a  population.  P  is  related  to  the  aver¬ 
age  number  of  cisplatin  adducts,  n,  per  fragment,  by  the  Poisson  formula  P  =  e"", 
or  -(InP)  =  n.  A  drop  in  the  PCR  signal  to  0.6  of  control  would  therefore  reflect 
an  average  cisplatin  adduct  density  of  -(in  0.6)  =  0.51  adducts  per  fragment.  PCR 
signals  ranging  from  0.9  to  1 .0  of  control  are  generally  indistinguishable  from 
the  control,  owing  to  standard  deviations  in  the  range  of  ±0. 1 .  Since  a  PCR  signal 
equal  to  0.9  of  control  reflects  an  adduct  density  of  0. 1  adduct  per  fragment,  we 
consider  that  the  assay  is  not  sensitive  to  adduct  densities  of  <0. 1  adduct  per 
fragment.  In  most  cases  with  genomic  DNA  from  cisplatin-treated  cells,  the  assay 
requires  PCR  amplifying  a  fragment  of  about  2  to  3  kb  long. 

6.  An  example  treatment  consisted  of  ip  administration  if  cisplatin  (Platinol)  on  d  1 
and  8  at  a  dose  of  4  mg/kg  (LD 1 0),  i.e.,  88  pL/22  g  mouse.  The  dose  corresponds 
to  approx  20%  of  the  IC50  of  cisplatin  for  mice  and  is  the  maximum  tolerable 
dose  for  a  repeated  weekly  treatment.  Vector  (Adp53  or  AdLuc)  was  adminis¬ 
tered  intratumorally  at  a  dose  of  10*  PFU/injection  on  d  3,  5,  and  7  and  again  on 
d  10, 12,  and  14.  Vector  was  diluted  into  sterile  cold  PBS  prior  to  injection  so  that 
injection  volumes  were  100  pL. 

7.  Generally  a  4-h  exposure  is  required  for  the  reduction  in  target  INK  rnRNA 
by  >80%.  This  is  observed  after  24  h  of  lipofection  as  judged  by  western  analy¬ 
sis.  Resistant  cell  types  are  treated  for  longer  periods,  and  this  approach  is 
favored  over  increasing  the  oligonucleotide  concentration  or  altering  the 
oligonucleotideilipofectamine  ratio. 

8.  Typically  all  preparations  yield  quite  similar  protein  concentrations,  but  volumes 
should  be  used  so  as  to  provide  equal  amounts  of  total  cellular  protein  in  all 
samples  prior  to  subsequent  analysis. 

9.  Prepare  in  advance  GST-c-Jun  fusion  proteins  by  expression  and  purification 
(Qiagen  plasmid  DNA  purification  system  kit)  from  Escherichia  coli  and  by  the 
addition  of  Glutathione  Sepharose®  4B  beads  (Pharmacia  Biotech). 

10.  For  digitization  software  that  provides  interactive  designation  of  the  bands  by, 
e.g.,  drawing  boxes  around  the  region  to  be  digitized.  If  not  automated,  sub¬ 
tract  background  by  using  half-sized  boxes  placed  exactly  above  and  below 
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the  band  in  question  or  by  subtracting  one  half  of  the  sum  of  same-sized  boxes 
placed  above  and  below  the  band  in  question.  Subtract  background  values  in 
all  cases,  thereby  yielding  “net”  band  values.  Determine  the  relative  INK 
activity  by  normalizing  the  resulting  net  band  values  by  division  by  similar 
results  for  control  cases  such  as  the  scrambled-sequence  or  mock  transfected 
cell  case. 
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I.  DEFINITION  OF  SUBJECT. 


The  p53  tumor  suppressor  protein  is  a  53  K  dalton  transcription  factor  that  plays  a  key 
role  in  inducing  cell  cycle  arrest  and  DNA  damage-induced  programmed  cell  death 
(apoptosis)  in  tumor  cells.  The  highly  conserved  sequence  of  p53,  and  the  finding  that  it 
is  frequently  lost  or  mutated  in  most  types  of  cancer,  suggests  a  central  role  of  p53  in  the 
process  controlling  tumorigensis.  Over  the  past  10  years,  p53  has  been  the  focus  of  a 
large  body  of  research,  which  has  led  to  an  expanded  and  refined  understanding  of  cancer 
on  the  one  hand,  and  provided  us,  on  the  other  hand,  with  new  therapeutic  strategies  to 
cancer  treatment.  P53  gene  therapy  is  presently  being  tested  for  therapeutic  efficacy  in 
clinical  trials  of  several  cancers,  including  those  of  the  head  and  neck,  prostate,  breast, 
and  lung  (see  Levine,  1993  for  review). 

II.  LOSS  OF  P53  AND  THE  PATHOGENESIS  OF  CANCER 


Initially  p53  was  identified  as  an  SV40  T  antigen-binding  protein  in  cells  transformed 
with  the  Simian  Virus  40  (SV40)  tumor  virus.  This  observation,  together  wath  the 
frequent  over-expression  of  p53  in  murine  and  human  tumor  cells,  led  initially  to  the 
erroneous  classification  of  p5  3  as  an  oncogene.  Some  early  cellular  transformation 
experiments  corroborated  this  notion  by  showing  that  p53  gene  transfer  could  promote 
transformation  and  immortalization  of  murine  fibroblasts  in  cell  culture.  However,  it  was 
later  discovered  that  it  was  the  mutated  form  of  p53  that  had  been  used  in  these  cellular 
transformation  assays.  Wild-type  p53  had  no  ongogenic  activity  and  was  instead  a  potent 
tumor  suppressor  that  was  profoundly  growth  suppressive  in  tumor  cells  and  inhibitory  to 
cellular  transformation.  The  accumulation  of  p53  protein  that  was  often  observed  in 
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tumor  cells  resulted  from  mutations  that  conferred  enhanced  stability  to  the  protein  and 
increased  its  half-life  from  minutes  for  the  wild-type  protein  to  several  hours  for  the 
mutant  protein.  But  neither  the  stabilized  form  of  the  mutant  protein  nor  T-antigen-bound 
wild-type  p53  could  carry  out  wild-type  p53  fimctions. 

Various  lines  of  evidence  suggest  that  an  important  eomponent  of  wild-type  p53's  tumor 
suppressor  function  involves  DNA  damage  recognition  and  induction  of  apoptosis. 
Following  DNA  damage  recognition,  p53  is  stabilized  and  aetivated  as  a  transcription 
factor,  which  in  turn  leads  to  the  expression  of  p53  target  genes  involved  in  apoptosis. 
Endogenous  DNA  damage  may  be  a  fundamental  feature  of  the  cancer  cell,  arising  as  a 
eonsequenee  of  genome  instability,  a  hallmark  of  cancer.  Because  this  endogenous 
damage  could  serve  as  a  trigger  for  p53-mediated  apoptosis,  the  loss  of  p53,  through  gene 
deletion  or  mutation,  would  provide  a  survival  advantage  for  the  cancer  cell  by  enabling 
escape  from  apoptosis.  Such  a  model  is  consistent  with  studies  in  transgenic  mice 
predisposed  to  mammary  tumors,  where  loss  of  p53  was  correlated  with  increased 
genome  instability  and  aneuploidy  (Donehower,  1995). 

III.  LOSS  OF  P53  AND  THERAPY  RESISTANCE 

While  loss  of  p5  3 -mediated  DNA  damage-induced  apoptosis  would  favor  the  outgrowth 
of  genomically  unstable  cancer  cells,  it  also  promotes  resistanee  to  a  variety  of  antieancer 
agents  that  aet,  at  least  in  part,  through  the  induction  of  DNA  damage.  For  example, 
hematopoietic  cells  from  p53-null  transgenic  mice  (Lotem,  1993),  as  well  as  El  A- 
transformed  fibroblasts  from  p53-null  transgenic  mice  (Lowe,  1993),  were  found  to  be 
much  more  resistant  to  DNA  damaging  treatments  than  were  the  eorresponding  cells  from 
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normal  mice.  Furthermore,  the  growth  inhibitory  properties  of  a  large  panel  of  anticancer 
agents  were  seen  to  correlate  with  the  p53  status  of  the  tumor  cells.  In  general,  tumor 
cells  that  expressed  wild-type  p53  were  more  responsive  to  most  of  these  agents  than 
were  tumor  cells  vdth  mutated  or  deleted  p53.  An  exception  to  this  general  observation 
was  found  with  the  class  of  agents  known  as  anti-mitotics,  which  target  the  mitotic 
apparatus  rather  than  DNA  (O'Connor,  1997). 

These  observations  are  particularly  important  in  light  of  the  fact  that  resistance  to 
conventional  chemotherapeutic  drugs  is  still  a  major  obstacle  to  successful  treatment  of 
cancer,  and  is  likely  to  account  for  treatment  failure  in  about  half  of  all  cancers.  To  the 
extent  that  loss  of  wild-type  p53  function  contributes  to  drug  resistance,  it  may  be 
possible,  using  p53  gene  replacement  strategies  as  described  below,  to  reverse  or  alleviate 
drug  resistance,  enabling  us  to  fully  exploit  the  potential  of  standard  chemotherapies.  A 
variety  of  gene  transfer  approaches  are  being  developed  for  clinical  application  of  gene 
therapy,  including  viral  and  non-viral  approaches.  Here  we  focus  on  approaches  that  use 
adenovirus,  chosen  for  its  unparalleled  gene  transfer  efficiency  to  a  wide  range  of  tissue 
types,  and  for  its  relative  safety  and  minimal  toxicity. 

IV.  GENE  REPLACEMENT  STRATEGIES  INVOLVING  ADENOVIRUS. 

The  first  representative  of  the  adenovirus  family  was  isolated  in  the  early  1950s  from  the 
adenoids  of  individuals  suffering  from  upper  respiratory  tract  infections.  More  than  100 
different  species  of  adenovirus  have  now  been  identified,  and  they  are  associated  with  a 
range  of  illnesses  of  varying  severity  depending  on  type.  However,  one  of  the  most 
studied  of  these  virus  species,  human  adenovirus  type  5,  primarily  causes  mild  cold-like 
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symptoms  and  is  not  associated  with  serious  pathogenicity.  For  this  reason,  adenovirus 
type  5  has  attracted  interest  as  a  vector  for  cancer  gene  therapy. 

Adenoviruses  are  characterized  by  a  capsid  consisting  of  several  well  defined  structural 
proteins,  including  the  main  structural  proteins  termed  hexon  (surrounded  by  6  other 
capsid  proteins),  penton  (surroimded  by  5  other  capsid  proteins,  and  fiber  (which 
mediates  attachment  to  the  target  cell).  The  assembled  capsid  is  icosahedral  in  shape  (20 
faces)  and  measures  about  900  angstroms  in  diameter.  Adenoviral  genomes  are  linear, 
double-stranded  DNA  molecules.  A  great  deal  has  been  learned  about  their  genome 
structure  and  the  functions  of  the  various  viral  gene  products,  and  genetically  engineered 
versions  of  adenovirus  suitable  for  gene  transfer  applications  have  been  generated.  The 
vectors  based  on  adenovirus  type  5  presently  in  use  in  both  preclinical  and  clinical  studies 
lack  specific  genes  required  for  virus  replication.  Although  these  viruses  are  still  able  to 
enter  their  target  cell,  delivering  the  human  gene  of  interest,  they  are  unable  to  replicate 
their  DNA  and  produce  progeny,  and  therefore  are  disabled  with  regard  to  pathogenicity. 

In  addition  to  their  lack  of  serious  pathogenicity  and  their  high  efficiency  of  gene  transfer, 
adenoviruses  are  attractive  for  therapeutic  applications  because  of  their  broad  host  cell 
specificity.  Furthermore,  adenoviruses  are  relatively  easy  to  prepare  in  high  titer  on  an 
industrial  scale.  Long-term  transgene  expression  is  not  anticipated  with  adenovirus,  as 
the  vectors  are  impaired  for  replication  in  the  target  cell,  and  the  vector  DNA  does  not 
integrate  into  the  host  cell  genome.  While  transient  expression  could  constitute  a 
disadvantage  for  certain  gene  therapy  applications,  it  is  not  a  limitation  for  cancer  gene 
therapy,  where  the  endpoint  of  therapy  is  cell  death.  Another  potential  limitation  of 
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adenovirus,  namely  its  immunogenicity,  has  not  been  a  limitation  for  application  in 
clinical  trials  of  cancer  patients  to  date  (see  below). 

V.  PRECLINICAL  APPLICATIONS  OF  P53-ADENOVIRUS. 

Numerous  in  vitro  studies  carried  out  on  tumor  cells  in  culture  have  demonstrated  that 
restoration  of  p53  activity  in  tumor  cells  is  growth  suppressive  in  itself,  and  this 
suppression  is  enhanced  in  the  presence  of  any  of  a  wide  variety  of  chemotherapeutic 
drugs,  including  cisplatin,  doxorubicin  (Adriamycin®),  and  5-fluorouracil.  In  some 
cases,  the  suppressive  effect  of  the  combination  of  p53  gene  replacement  and 
chemotherapeutic  drug  treatment  is  greater  than  the  sum  of  the  suppressive  effects  of  each 
agent  used  singly,  suggestive  of  mechanistic  synergy,  and  is  consistent  with  the  DNA 
damage-dependent  mechanism  by  which  p53  is  believed  to  act  (Gjerset,  1995).  One 
example  of  this  is  shown  in  Figure  1,  where  the  T47D  breast  cancer  cell  line  was  treated 
Avith  p53  adenovirus  under  conditions  where  approximately  70%  of  the  culture  expressed 
wild-type  p53,  -with  the  DNA  damaging  chemotherapeutic  drug,  cisplatin,  alone,  or  with  a 
combination  of  the  two.  Six  days  post  treatment  the  viability  of  cells  treated  with  the 
individual  agents  had  dropped  to  about  70%  of  that  of  the  control  cells.  However,  when 
cells  were  treated  with  a  combination  of  p53  adenovirus  and  cisplatin,  the  viability  of  the 
cells  dropped  to  10%  of  that  of  the  control  cells,  a  value  less  than  would  be  expected 
based  on  merely  additive  effects.  These  effects  are  not  seen  in  normal  cells,  possibly 
because  wild-type  p53  has  a  very  short  half-life  in  normal  cells.  Taken  together,  the  in 
vitro  results  support  the  clinical  application  of  p53  gene  therapy  to  suppress  tumor  growth 
and  enhance  tumor  responsiveness  to  chemotherapy. 
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Subcutaneous  tumor  models  in  nude  mice  have  been  used  to  demonstrate  the  in  vivo 
efficacy  of  p53  adenovirus  for  the  treatment  of  a  variety  of  human  tumors,  including 
breast  cancer,  lung  cancer,  colon  cancer,  and  head  and  neck  cancer.  In  these  studies,  p53 
adenovirus  administered  intratumorally  or  regionally  to  pre-established  tumors  resulted  in 
a  marked  reduction  in  tumor  growth,  which  was  ftirther  reduced  when  treatment  was 
combined  with  chemotherapy.  Figure  2  shows  the  results  of  a  study  carried  out  to  test  the 
efficacy  of  a  combination  of  p53  adenovirus  plus  cisplatin  for  the  treatment  of  head  and 
neck  cancer.  Cisplatin  is  an  effective  and  commonly  used  chemotherapeutic  for  head  and 
neck  cancer,  but  therapy  often  fails  due  to  acquired  resistance.  Nude  mice  were 
implanted  with  Fadu  head  and  neck  tumor  cells  and  tumors  were  allowed  to  develop  to  a 

<5 

size  of  about  40  mm  .  Animals  were  then  randomized  into  treatment  groups  of  10 
animals  each  and  treatment  was  administered  (first  day  of  treatment  was  designated  day 
1).  All  groups  received  adenovirus  (p53  adenovirus  or  luciferase  adenovirus  (control))  on 
days  3, 6,  and  8  and  again  on  days  17, 20,  and  22.  Two  groups  received  cisplatin  on  days 
1  and  15  by  intraperitoneal  injection.  Tumor  size  was  monitored  at  2-3  day  intervals.  As 
shown  in  Figure  2,  both  p53  adenovirus  and  cisplatin  had  a  suppressive  effect  when  used 
as  single  agent  treatments.  However,  the  combination  of  p53  adenovirus  and  cisplatin 
resulted  in  a  highly  significant  suppression  of  tumor  growth  relative  to  that  seen  in  each 
of  the  other  three  treatment  groups  (p<0.01  by  a  non-parametric  (Omnibus)  analysis). 
Treatments  were  well  tolerated  by  the  animals,  as  judged  by  weight  measurements  and 
histological  analyses.  These  results  suggest  that  the  clinical  application  of  p53 
adenovirus  to  the  treatment  of  head  and  neck  cancer  may  be  very  effective  in  suppressing 
tumor  growth  and  enhancing  responsiveness  to  cisplatin.  Similar  results  have  been 
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observed  using  subcutaneous  models  for  a  variety  of  other  human  cancers,  indicating  that 
p53  gene  therapy  has  broad  clinical  application  as  a  tumor  suppressor  and  therapy 
sensitizer. 

VI.  CLINICAL  APPLICATIONS  OF  THE  P53-ADENOVIRUS,  Ad5CMV-;755 
(RPIiaNGN  201) 

a.  Clinical  Targets  for  Local/Regional  Vector  Administration 

Many  of  the  preclinical  studies  that  have  been  done  with  the  p53  adenoviral  vector  have 
involved  direct  intratumoral  administration  into  a  subcutaneous  tumor  in  a  nude  mouse 
model.  The  reason  for  this  is  to  maximize  the  exposure  of  the  target  tumor  cells  to  the 
vector.  The  current  generation  adenoviral  vector  used  for  delivery  of  the  p53  gene  relies 
on  normal  adenoviral  tropism  in  order  to  infect  cells.  Since  many  cell  types  in  addition  to 
the  target  tumor  cells  can  be  infected  by  the  vector,  injection  into  the  circulation  would 
serve  to  reduce  the  amount  of  vector  that  actually  reaches  these  tumor  cells  due  to  the 
effects  of  dilution  and  uptake  by  non-target  cells.  Thus,  in  most  of  the  clinical  studies 
currently  ongoing  with  the  p53  adenovirus,  AdSCMV-pJJ,  delivery  of  the  vector  to  the 
target  tumor  cells  is  accomplished  by  a  direct  administration  into  a  patient’s  tiunor  or  into 
the  region  where  a  tumor  is  localized. 

The  selection  of  clinical  targets  for  this  type  of  administration  has  therefore  focused  on 
those  cancers  that  would  benefit  from  an  improvement  in  local  or  regional  control  of 
tumor  growth.  Head  and  neck  cancer  is  an  excellent  example  of  such  a  disease.  The  vast 
majority  of  patients  who  die  with  head  and  neck  cancer  die  from  disease  in  a  very 
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localized  region.  Intratumoral  administration  in  this  disease  is  also  straightforward  as 
most  of  the  lesions  can  be  readily  accessed  for  vector  injection.  Other  tumor  types  that 
are  amenable  to  this  type  of  approach  include  brain  cancer,  locally  advanced  prostate 
cancer,  ovarian  cancer,  bladder  cancer,  and  non-metastatic  stages  of  non-small  cell  lung 
cancer.  Metastatic  lesions  that  cause  significant  patient  morbidity  and  that  can  be  needle- 
accessed  can  also  be  treated  in  order  to  potentially  provide  patients  with  symptomatic 
improvement  and  possibly  increased  survival. 

Initial  Phase  I  studies  with  the  p53  adenovirus,  Ad5CMV-/?55,  have  been  conducted  in 
two  tumor  types,  non-small  cell  lung  cancer  (NSCLC)  (Swisher,  1999;  Numentaitis, 
2000)  and  head  and  neck  cancer  (SCCHN)  (dayman,  1998).  In  each  study  the  vector  was 
administered  by  direct  intratumoral  injection  into  patients  with  advanced  disease.  These 
Phase  I  studies  were  primarily  designed  to  determine  the  safety  of  the  vector  and  to  verify 
that  it  was  able  to  infect  and  be  expressed  in  the  target  tumor  tissue.  Each  study  included 
a  dose  escalation  between  patient  cohorts;  once  the  vector  was  demonstrated  to  be  safe  in 
patients  at  one  dose  level,  the  next  cohort  of  patients  was  treated  at  a  higher  dose.  Dose 
levels  ranged  from  10^  to  10*'  plaque  forming  units  (pfu)/injection.  Patients  were  treated 
by  different  schedules  of  administration  in  the  two  studies.  In  the  non-small  cell  lung 
cancer  study  (Swisher,  1999),  patients  received  a  single  injection  of  the  vector  once  a 
month;  this  administration  could  then  be  repeated  monthly  as  long  as  there  was  no 
progression  of  the  patient’s  cancer.  In  the  head  and  neck  cancer  study  (dayman,  1998), 
patients  received  six  injections  over  a  two-week  period.  The  six-injection  regimen  could 
also  be  repeated  monthly  as  long  as  the  disease  did  not  progress.  The  two  treatment 


9 


00101  ITreatment  Resistance.doc  R  Gjerset 


regimens  were  each  well  tolerated  by  the  patients;  the  major  side-effects  resulting  from 
administration  of  Ad5CMV-p55  were  transient  fever  and  chills  and  injection  site  pain, 
and  in  the  head  and  neck  cancer  study,  injection  site  bleeding.  There  was  no  dose-limiting 
toxicity  found  in  either  study.  Some  patients  received  injections  for  up  to  6-7  months,  the 
cut-offs  for  treatment  that  had  been  predefined  for  each  study.  These  results 
demonstrated  that  Ad5CMV-p5i  administered  by  intratumoral  injection  had  an  excellent 
safety  profile  in  patients  with  advanced  cancers. 

Each  of  these  Phase  I  studies  demonstrated  that  Ad5CMV-p5i  successfully  transduced 
target  tumor  cells  and  resulted  in  the  expression  of  the  p53  transgene.  Although  patients 
on  the  trials  generally  had  an  increase  in  anti-adenoviral  antibody  titer  following 
treatment,  this  did  not  appear  to  abrogate  transduction  as  investigators  demonstrated  both 
transduction  and  transgene  expression  in  biopsy  material  recovered  from  patients  with 
elevated  antibody  titers.  The  results  of  these  studies  indicate  that  multiple  cycles  of 
intratumoral  injection  are  reasonable,  from  both  safety  and  transduction  standpoints,  to 
provide  for  longer-term  patient  treatment. 

Additional  Phase  I  trials  have  been  completed  for  locally  advanced  prostate  cancer 
(Logothetis,  1999;  Sweeney,  2000)  and  are  ongoing  in  additional  cancer  indications  that 
are  amenable  to  local/regional  treatment  approaches  including  bladder  (Pagliaro,  2000), 
brain  (glioblastoma  multiforme)  (Lang,  2000),  breast,  ovarian  (Wolf,  2000),  and 
bronchoalveolar  carcinoma  (Kubba,  2000),  a  type  of  non-small  cell  lung  cancer.  These 
studies  are  utilizing  different  routes  of  vector  administration  that  include  transrectal 
ultrasound-guided  (TRUS),  transperineal  injection  into  the  prostate  (Logothetis,  1999; 


10 


00101  ITreatment  Resistance.doc  R  Gjerset 


Sweeney,  2000),  intravesical  (bladder)  instillation  (Pagliaro,  2000),  direct  injection  into 
chest  wall  lesions,  intraperitoneal  administration  (Wolf,  2000),  and  bronchial  lavage 
(Kubba,  2000).  As  with  the  initial  Phase  I  studies,  endpoints  for  these  studies  are 
primarily  safety  and  demonstration  of  transduction/expression  by  the  various  routes  of 
administration. 

b.  Demonstration  of  clinical  activity  of  Ad5CMV-p5i  in  Phase  I  and  Phase  II 

clinical  trials 

Although  the  primary  goal  of  the  Phase  I  studies  in  NSCLC  and  SCCHN  was  to  evaluate 
the  safety  of  Ad5CMV-p5i,  measurements  of  the  treated  lesions  were  made  before 
treatment  and  at  various  times  following  treatment  in  order  to  determine  whether  there 
was  objective  evidence  of  clinical  activity.  Several  of  the  tumors  injected  in  the  Phase  I 
studies  underwent  shrinkage  or  elimination  in  response  to  administration  of  AdSCMV- 
p53.  On  the  head  and  neck  cancer  study  (dayman,  1 998),  two  of  33  patients  had  a  partial 
response,  i.e.,  a  greater  than  50%  reduction  in  tumor  size,  in  their  treated  tumors,  and  one 
patient  had  a  complete  response,  or  elimination,  of  the  treated  lesion.  These  responses 
occurred  in  both  p53'^‘'‘'‘*yp®  and  p53'"“*®"‘  SCCHN  tumors,  indicating  that  the  vector  can 
have  activity  regardless  of  endogenous  p53  status.  Of  the  52  patients  treated  on  the  non¬ 
small  cell  lung  cancer  study  (Swisher,  1999;  Nemunaitis,  2000),  four  had  a  greater  than 
50%  decrease  in  the  treated  lesion  in  response  to  vector  injection.  Many  other  patients  on 
the  two  trials  had  disease  stabilization  that  lasted  for  2-14  months. 

Based  on  the  promising  results  of  the  Phase  I  study.  Phase  II  studies  in  patients  with 
recurrent  or  refractory  SCCHN  were  initiated.  The  largest  of  the  Phase  II  studies 
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examined  the  effect  of  schedule  on  clinical  activity  and  safety.  Two  schedules  of 
administration  were  tested,  a  daily  x  3  injection  and  the  six  injections  over  two  weeks  that 
had  been  used  in  the  initial  Phase  I  trial.  Each  regimen  was  repeated  monthly  until 
disease  progressed  or  patients  became  otherwise  ineligible.  Preliminary  results  have  been 
reported  for  106  of  the  patients  treated  on  the  trial  (Goodwin,  1999).  The  vector  was  well 
tolerated  with  side  effects  similar  to  those  seen  in  the  Phase  I  trial.  Of  the  167  lesions 
that  were  treated  and  evaluable  for  response,  there  were  6  and  1 1  that  underwent 
complete  and  partial  responses,  respectively.  As  had  been  true  in  the  Phase  I  study, 
responses  were  found  in  both  and  p53"'“*“’*  tumors.  An  additional  82  lesions 

displayed  a  minor  response  or  had  disease  stabilization  for  3-7+  months.  There  was  a 
trend  towards  an  improved  survival  in  patients  receiving  the  more  intensive  6-dose 
regimen.  Phase  III  studies  have  now  been  initiated  to  determine  whether  administration 
of  the  vector  leads  to  clinical  benefit  in  patients  with  refractory  SCCHN. 

c.  Combination  of  p53  gene  therapy  with  conventional  cancer  treatment 

Each  of  the  initial  Phase  I  studies  in  SCCHN  and  NSCLC  included  a  second  treatment 
arm  in  which  a  conventional  cancer  treatment  was  tested  in  combination  with  p53  gene 
therapy.  Combination  approaches  are  generally  used  for  cancer  treatment  in  order  to 
improve  the  therapeutic  benefit  to  the  patient.  In  the  non-small  cell  lung  cancer  study, 
patients  on  the  second  treatment  arm  received  Ad5CMV-/?55  following  a  pretreatment 
with  cisplatin.  This  combination  had  been  found  in  preclinical  studies  with  models  of 
non-small  cell  lung  cancer  to  lead  to  increased  anti-tumor  effects  over  either  agent  alone 
(Nguyen,  1996).  As  in  the  arm  where  patients  received  only  Ad5CMV-/75i,  there  was  a 
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dose  escalation  of  the  vector  between  cohorts  of  patients  in  order  to  determine  the  safety 
of  the  combination  approach.  The  results  showed  that  there  was  no  increase  in  toxicity 
due  to  combination  treatment  (Nemunaitis,  2000).  This  study  has  paved  the  way  for 
further  clinical  studies  in  which  the  p53  adenovirus  will  be  combined  with  commonly 
used  chemotherapeutic  agents  to  test  its  ability  to  improve  therapeutic  benefit. 

The  second  arm  of  the  Phase  I  head  and  neck  cancer  study  involved  patients  whose 
tumors  could  be  resected,  although  not  as  a  curative  procedure.  Surgery,  particularly  in 
combination  with  radiotherapy,  is  a  standard  treatment  for  newly  diagnosed  head  and 
neck  cancer.  As  in  the  arm  where  patients  received  only  Ad5CMV-p55,  there  was  a  dose 
escalation  of  the  vector  between  cohorts  of  patients  in  order  to  determine  whether  vector 
administration  could  be  safely  combined  with  surgery.  Results  of  the  study  showed  that 
vector  administration  had  no  impact  on  wound  healing  and  suggested  that  additional  trials 
should  be  conducted  to  further  explore  the  benefits  of  this  approach  (dayman,  1998). 

A  Phase  II  program  is  ongoing  in  patients  with  NSCLC  in  which  Ad5CMV-/755  is  being 
administered  in  combination  with  external  beam  radiation  for  patients  with  localized, 
inoperable  NSCLC  who  are  not  eligible  for  chemotherapy.  Patients  receive  three  doses  of 
Ad5CMV-j!755  during  a  6- week  course  of  radiotherapy.  The  study  is  examining  the  safety 
of  the  combination  treatment  and  uses  radiographic  imaging  and  biopsy  analysis  to  assess 
clinical  activity.  Preliminary  results  for  the  first  17  patients  (Swisher,  2000)  established 
an  acceptable  safety  profile  for  the  combination  approach.  Eleven  of  the  17  patients  had 
complete  or  partial  responses  of  the  injected  tumors.  Of  these,  9  also  had  no  evidence  of 
viable  tumor  cells  in  the  biopsy  specimen  taken  from  the  injected  lesion.  These  results 
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have  formed  the  basis  for  an  additional,  larger  clinical  trial  that  is  designed  to  assess  the 
clinical  activity  of  Ad5CMV-p55  in  combination  with  both  chemotherapy  and 
radiotherapy  in  newly  diagnosed  NSCLC  patients. 

The  status  of  the  various  trials  that  have  been  conducted  or  that  are  ongoing  with 
Ad5CMV-p55  is  indicated  in  Table  1.  Ad5CMV-p53  in  being  developed  by  Introgen 
Therapeutics  and  Aventis  Pharma. 

d.  Directions  for  the  future 

The  apparent  safety  of  Ad5CMV-/75i  in  combination  with  standard  cancer  treatments 
such  as  surgery,  radiotherapy,  and  chemotherapy  supports  its  testing  in  combination 
approaches  for  many  types  of  cancer  where  improved  local/regional  control  will  provide 
patient  benefit.  As  has  been  seen  in  preclinical  studies,  the  vector  may  act  as  a 
chemosensitizing  or  radiosensitizing  agent  that  will  increase  the  anti-tumor  effects  of 
these  standard  approaches.  As  an  adjuvant  to  surgery,  Ad5CMV-/?55  may  act  to  eliminate 
microscopic  disease  that  is  left  behind  during  a  surgical  resection.  For  patients  who  have 
disease  that  is  resistant  to  standard  approaches,  it  may  act  as  a  stand-alone  agent  whose 
anti-tumor  effects  provide  patient  benefit. 

These  approaches  are  being  incorporated  into  the  larger  clinical  trials  that  are  designed  to 
demonstrate  the  clinical  benefit  and  safety  necessary  for  approval  of  the  product  by  the 
Food  and  Drug  Administration  and  other  worldwide  regulatory  authorities.  These  pivotal 
programs,  usually  designated  as  Phase  III  trials,  are  typically  randomized,  controlled 
studies  where  treatments  that  are  standard  for  a  particular  type  of  cancer  are  used  as  the 
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control  arm  for  the  study.  For  one  of  the  Phase  III  studies  planned  for  Ad5CMV-p55,  the 
experimental  arm  will  be  the  vector  administered  as  a  single  agent  to  refractory  SCCHN 
patients  who  have  failed  multiple  conventional  treatments.  The  primary  endpoint  that 
will  be  evaluated  will  be  patient  survival.  In  another  Phase  III  study  in  patients  with 
recurrent,  but  not  refractory,  SCCHN,  the  experimental  arm  will  be  AdSCMV-pJi  tested 
in  combination  with  5-fluorouracil  and  cisplatin,  agents  that  are  commonly  used  to  treat 
this  disease.  The  primary  endpoint  for  this  study  will  be  the  tine  that  it  takes  the  tumor  to 
progress.  These  studies  are  designed  to  form  the  basis  for  the  first  product  approval  for 
Ad5CMV-p5i.  Additional  pivotal  programs  in  other  cancer  types  or  with  additional 
combinations  may  expand  the  indications  for  which  Ad5CMV-p55  will  ultimately  be 
used  in  standard  clinical  practice. 
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VI.  GLOSSARY. 

Oncogene  ~  a  gene  that  promotes  the  growth  and  survival  of  tumor  cells.  Oncogenes  may 
derive  from  normal  cellular  genes  and  acquire  altered  growth  promoting  activity  through 
mutation  or  deregulated  (excessive)  expression. 

Tumor  Suppressor  -  a  gene  that  inhibits  the  growth  and  survival  of  cancer  cells.  Tumor 
suppressors  are  normal  cellular  genes  but  are  frequently  found  to  be  missing  in  cancer 
cells. 

p53  -  a  tumor  suppressor  gene  encoding  a  cellular  protein  capable  of  inducing  growth 
arrest  and  death  of  abnormal  cells,  including  cancer  cells.  The  p53  gene  is  often  lost  in 
cancer  cells  due  to  gene  deletion  or  mutation. 

Gene  therapy  -A  therapeutic  modality  in  which  genes  are  transferred  to  a  cell  in  order  to 
alter  the  properties  of  the  cell.  Gene  therapy  is  often  accomplished  by  incorporating  the 
gene  of  interest  into  a  virus  (vector)  and  then  using  the  natural  cellular  entry  mechanisms 
of  the  virus  to  achieve  gene  transfer.  Tumor  suppressor  gene  therapy  transfers  normal 
("wild-type")  forms  of  tumor  suppressor  genes  such  as  p53  into  the  cancer  cell  to  achieve 
growth  arrest  or  cell  death. 

Wild-type  -  genetic  term  designating  the  normal  form  of  the  gene. 

Transgenic  mouse  -  A  genetically  engineered  mouse  carrying  a  knovm  gene  alteration. 
Such  animals  provide  a  means  to  evaluate  the  role  of  specific  genes  in  normal 
development  and  in  specific  diseases  such  as  cancer. 
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Adenovirus  type  5- A  human  DNA  virus  that  has  provided  the  basis  of  gene  therapy 
vectors  presently  in  clinical  use. 

Chemotherapy  -  A  form  of  therapy  that  employs  chemicals  to  achieve  growth  arrest  or 
cell  death  of  cancer  cells. 

Nude  mouse  -  A  strain  of  laboratory  mice  often  used  for  preclinical  studies  of  human 
cancer.  Nude  mice  do  not  reject  human  cells  as  most  mice  do,  and  can  therefore  be  used 
to  study  the  response  of  human  tumor  cells  (usually  implanted  under  the  skin  of  the 
mouse)  to  various  treatments,  prior  to  testing  these  treatments  in  clinical  trials  in  humans. 

Phase  I  clinical  trial  -  The  first  step  in  clinical  testing  of  a  new  treatment.  A  phase  I  trial 
is  a  controlled,  clinical  research  study  of  the  safety  based  on  a  small  number  of  patients 
and  conducted  over  the  period  of  about  a  year. 

Phase  II  clinical  trial  -  The  second  step  in  clinical  testing  of  a  new  treatment.  A  phase  II 
trial  is  a  controlled,  clinical  research  study  of  the  efficacy  of  a  new  treatment  based  on 
several  hundred  patient  volunteers,  generally  conducted  over  a  period  of  about  two  years. 

Phase  III  clinical  trial-  The  final  step  of  clinical  of  a  new  treatment  A  controlled,  clinical 
research  study  of  the  efficacy  of  a  new  treatment  based  on  a  larger  group  of  patient 
volunteers,  generally  conducted  over  a  period  of  about  three  years  in  order  to  assess  long 
term  benefit. 
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FIGURE  LEGENDS 

Figure  1 .  Viability  of  T47D  breast  cancer  cells  in  vitro  6  days  following  treatment  with 
Adp53  or  AdBgal  (control)  and  5  days  following  a  1  hour  treatment  with  the  indicated 
doses  of  cisplatin.  Each  curve  is  normalized  to  its  own  zero  (virus  only,  no  cisplatin), 
which  for  the  Ad5CMV-p5i  (Adp53)-treated  cells  was  60%  of  the  AdBgal  treated  cells. 


Figure  2.  Suppression  of  established  subcutaneous  tumors  of  FaDu  head  and  neck  cancer 
cells  in  nude  mice  by  various  treatments.  The  cisplatin-treated  animals  received  cisplatin 
on  days  1  and  15.  The  virus-treated  animals  received  either  Ad5CMV-/?5i  (Adp53)  or 
Adluc  (control)  on  days  3,6,8,  and  again  on  days  17,20,22. 
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Table  I. 

Development  Status  of  Ad5CMV-/?5i  (RPR/INGN  201) 


Indication 

Development 

Phase 

Combination  Study? 

Status* 

Squamous  cell 
carcinoma  of  the 
head  and  neck 
(SCCHN) 

Phase  III 

Yes,  with  chemotherapy 

Not  yet  enrolling 
patients 

SCCHN 

Phase  III 

No 

Ongoing 

SCCHN 

Phase  II 

No 

Completed 

Non-small  cell  lung 
cancer  (NSCLC) 

Phase  II 

Yes,  with  radiotherapy 

Ongoing 

Prostate  cancer 

Phase  I 

No 

Completed  Co 

Brain  cancer** 

Phase  I 

No 

/ 

Ongoing  ^ 

Ovarian  cancer** 

Phase  I 

No 

Ongoing 

Bladder  Cancer** 

Phase  I 

No 

Ongoing 

Breast  cancer** 

Phase  I 

No 

Ongoing 

Bronchoalveolar 

carcinoma** 

Phase  I 

No 

Ongoing 

NSCLC 

Phase  I 

Yes,  with  chemotherapy 

Completed 

SCCHN 

Phase  I 

Yes,  with  surgery 

Completed 

*  As  of  September  2000 

**  Conducted  in  conjunction  with  the  National  Cancer  Institute. 
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1.  EVTRODUCTION 

The  cellular  response  to  DNA  damage  plays  a  critical  role  not  only  in  tumor  pro¬ 
gression  but  also  in  the  process  of  acquired  drug  resistance,  a  problem  that  affects  about 
half  of  all  cancer  cases  overall  and  remains  one  of  the  major  obstacles  to  successful 
therapy  of  cancer.  Modulation  of  these  DNA  damage  response  pathways  may  therefore 
provide  us  with  a  means  to  reverse  acquired  drug  resistance  and  improve  the  outcome  of 
therapy  for  a  large  fraction  of  cancer  patients.  In  this  article  we  will  focus  on  two  major 
pathways  involved  in  the  cellular  response  to  DNA  damage:  The  Jun  kinase  stress  acti¬ 
vated  pathway,  and  the  p53-mediated  DNA  damage  response  pathway  leading  to  apop¬ 
tosis.  Through  independent  mechanisms,  each  of  these  pathways  modulates  the  cellular 
response  to  DNA  damaging  chemotherapies  and  radiation.  Therapeutic  approaches 
based  on  inhibiting  the  Jun  kinase  pathway  and/or  restoring  the  p53  pathway  may,  there¬ 
fore,  provide  us  with  new  biological  strategies  for  reversing  acquired  drug  resistance,  thus 
improving  the  outcome  of  therapy  for  most  cancers. 


2.  THE  p53  TUMOR  SUPPRESSOR  AND  THE  DNA 
DAMAGE  RESPONSE 

Over  half  of  all  cancers  suffer  loss  of  function  of  the  p53  tumor  suppressor  (Levine, 
1993),  a  key  player  in  the  induction  of  apoptosis  in  response  to  DNA  damage  (Clarke 
et  al,  1993;  Gjerset  et  al,  1995;  Lotem  et  al,  1993;  Lowe  et  ai,  1993),  in  addition  to 
its  roles  in  cell  cycle  regulation  and  DNA  repair  (Levine,  1997).  Its  involvement  in 
DNA  damage-induced  apoptosis  may  derive  from  its  ability  to  bind,  alone  or  possibly 
in  combination  with  other  DNA  damage  recognition  proteins,  to  sites  of  damaged 
DNA,  including  single  stranded  ends  and  insertion-deletion  loops  (Bakalkin  et  al,  1995; 
Lee  et  al,  1995;  Levine  1997  (review)).  p53  might  also  bind  to  DNA  adducts  and 
strand  breaks  induced  by  various  therapies.  The  frequent  loss  of  p53  function  in 
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cancer,  often  associated  with  disease  progression  and  increased  genomic  instability, 
may  reflect  at  least  in  part  the  role  of  p53  in  DNA  damage  recognition  and  apoptosis. 
Most  genome  destabilizing  events,  including  gene  amplification,  gene  deletion  and 
gene  translocation,  involve  DNA  strand  breaks  (Stark,  1993).  These  breaks  could 
serve  as  triggers  for  p53-mediated  apoptosis  and  provide  the  driving  force  for  loss  of 
p53. 

The  same  process  that  underlies  the  progression  of  cancer,  that  is,  genomic  insta¬ 
bility  accompanied  by  loss  of  p53-mediated  apoptosis,  can  also  lead  to  therapy  resistance. 
Support  for  the  idea  that  loss  of  p53  could  desensitize  a  cell  to  the  damaging  effects  of 
drugs  and  radiation  comes  from  studies  of  p53-null  transgenic  mice.  In  these  studies  it 
was  observed  that  normal  transgenic  hematopoietic  cells  (Lotem  and  Sachs,  1993),  ElA- 
expressing  Iran  genic  fibroblasts  (Lowe  ei  al,  1993),  and  transformed  transgenic  fibro¬ 
blasts  (Lowe  et  al,  1994)  were  all  more  resistant  to  apoptosis  following  treatment  with 
any  of  a  wide  variety  of  anti-cancer  agents  including  radiation,  than  were  the  compara¬ 
ble  cells  from  the  parental  strain  of  mice  that  express  wild-type  p53.  Cell  killing  was  there¬ 
fore  enhanced  in  cells  that  expressed  wild-type  p53  and  were  able  to  trigger  their  own  cell 
death  program. 

The  possibility  that  p53  status  is  a  factor  in  therapy  responsiveness  finds  further 
support  from  a  recent  anti-cancer  drug  screening  of  human  tumor  cell  lines  expressing 
mutant  or  wild-type  p53  (O’Connor  et  al,  1997).  In  that  study  the  growth  inhibitory 
properties  of  some  123  anti-cancer  agents  were  tested  in  60  human  tumor  lines  of  known 
p53  status.  It  was  found  that  cells  expressing  mutant  p53  showed  less  growth  inhibition 
than  did  wild-type  p53-expressing  cells  lines  following  treatment  with  the  majority  of 
clinically  used  anti-cancer  agents,  including  DNA  cross-linking  agents  such  as  cisplatin, 
antimetabolites  such  as  5-fluorouracil,  and  topoisomerase  I  and  II  inhibitors.  Since  these 
agents  are  known  to  cause  DNA  damage,  either  directly  or  indirectly,  these  results  are 
consistent  with  a  role  of  p53  in  mediating  the  cellular  apoptotic  response  to  DNA 
damage.  One  class  of  agents,  the  antimitotic  agents,  appeared  to  suppress  growth  in  a 
p53-independent  manner,  consistent  with  the  primary  target  for  these  agents  being  the 
mitotic  apparatus  rather  than  DNA. 

Taken  together,  these  studies  suggest  that  p53  gene  transfer  could  have  clinical 
application  in  suppressing  cancer  and  enhancing  the  responsiveness  of  tumors  to  a  wide 
variety  of  DNA  damaging  therapies,  a  possibility  that  greatly  expands  the  clinical  appli¬ 
cation  of  p53-based  approaches.  Numerous  in  vitro  studies  in  a  variety  of  tumor  cell 
systems  support  the  use  of  p53  gene  transfer  to  sensitize  tumors  to  such  therapy,  includ¬ 
ing,  5-fluorouracil,  cisplatin,  topoisomerase  I  inhibitors  and  gamma  radiation  (see 
below). 

2.1.  In  Vitro  Sensitization  of  Tumor  Cells  to  Chemotherapeutic  Drugs  by  p53 

In  Figs.  1  and  2  we  have  summarized  the  results  of  screening  tumor  cells  for  sensi¬ 
tivity  to  various  chemotherapeutic  agents  following  exposure  of  cells  to  a  replication- 
defective  adenovirus  encoding  wild-type  p53  (Ad-p53,  Ad-Pgal,  and  Ad-Luc  (luciferase) 
vectors  provided  by  Dr.  Deborah  R.  Wilson,  Introgen  Therapeutics,  Inc.).  The  cells  were 
treated  with  virus  under  conditions  which  achieve  about  70-80%  infection  efficiency,  as 
judged  by  infection  of  parallel  cultures  with  a  P-galactosidase  adenovirus.  Following 
infection,  cells  were  replated  at  low  density  in  96-well  plates  and  treated  with  varying 
levels  of  chemotherapeutic  agent,  followed  by  an  additional  5-7  days  of  incubation  and 
measurement  of  cell  viability. 
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Figure  1.  Viability  assay  showing  that  Ad-p53  suppresses  growth  and  enhances  sensitivity  to  DNA  damaging 
chemotherapeutic  drugs  in  p53-mutant-expressing  cells  (DLD-1  colon  cancer,  T47D  breast  cancer,  PC-3 
prostate  cancer,  and  T98G  glioblastoma).  Infection  efficiencies  were  60-70%  and  drug  treatments  1  day  post¬ 
infection  were  as  follows;  5-fluorouracil  (5FU)  10  pM  1  hour;  doxorubicin  (dox)  3.7  pM  1  hour;  cisplatin 
(CDDP)  30  pM  1  hour  for  PC-3  and  20  pM  1  hour  forT98G.  Viability  was  assayed  6  days  post  drug  treatment 
in  all  cases  except  PC-3  which  was  4  days  post  drug  treatment,  and  expressed  as  a  percent  of  control  cells  treated 
with  Ad-Pgal. 


In  numerous  examples  from  a  variety  of  cancer  types,  we  have  observed  suppres¬ 
sion  of  mutant-p53-expressing  tumor  cells  in  vitro  following  treatment  with  Ad-p53.  As 
shown  in  Fig.  1,  restoration  of  wild-type  p53  in  mutant  p53-expressing  cells  (DLD-1, 
T47D,  PC-3,  T98G)  results  in  marked  enhancement  of  sensitivity  to  a  variety  of  DNA 
damaging  treatments  (5-fluorouracil,  doxorubicin,  cisplatin),  consistent  with  possibility 
that  we  have  restored  the  p53-mediated  pathway  of  DNA  damage  recognition  and  apop¬ 
tosis.  Apoptosis  was  confirmed  by  (a)  propidium  iodide  staining  of  fixed  cells  followed 
by  FACS  analysis  to  reveal  a  sub  G1  peak  of  apoptotic  cells,  and  (b)  an  ELISA  assay 
(Boehringer  Mannheim  Corp,  Indianapolis,  IN))  to  detect  oligonucleosomal  fragments 
released  from  the  nuclei  of  cells  in  the  early  phases  of  apoptosis  (see  Gjerset  et  al,  1995). 

In  contrast,  this  enhancement  of  sensitivity  is  not  observed  in  two  wild-type  p53- 
expressing  cell  lines,  MCF7  and  LS174T  (Fig.  2).  This  suggests  that  wild-type  p53  gene 
transfer  may  be  effective  in  therapy  sensitization  only  in  the  case  of  tumors  that  have  lost 
wild-type  p53  function. 


CDDP  CDDP 


Figure  2.  Viability  assay  showing  that  Ad-p53  neither  suppresses  growth  nor  enhances  sensitivity  to  DNA  dam¬ 
aging  chemotherapeutic  drugs  in  wild-type  p53-expressing  cells  (LS174T  colon  cancer  cells  and  MCF7  breast 
cancer  cells).  Infection  efficiencies  were  60-70%,  and  drug  treatments  1  day  post-infection  were  30  pM  cisplatin 
(CDDP)  1  hour  for  LS174T  and  20  pM  1  hour  for  MCF7.  Viability  was  assayed  6  days  post  drug  treatment. 
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2.2.  In  Vivo  Sensitization  of  Tumors  to  Chemotherapeutic  Drugs  by  p53 

We  have  extended  our  in  vitro  observations  on  tumor  suppression  and  therapy  sen¬ 
sitization  to  in  vivo  models  for  human  head  and  neck  cancer  and  colon  cancer  (Gjerset 
et  al,  1997)  and  prostate  cancer  (Fig.  3)  in  nude  mice,  where  established  tumors  were 
treated  in  vivo  with  replication-defective  p53-adenovirus,  and  chemotherapy.  We  have  also 
studied  chemosensitization  by  p53  using  ex  vivo  modified  cells  in  an  orthotopic  model 
of  glioblastoma  in  Fisher  rats  (Dorigo  et  al.,  1998).  The  results  are  consistent  with  other 
in  vivo  studies  in  animal  models  showing  a  combined  benefit  of  p53  and  chemotherapy 
(Badie  et  al,  1998;  Fujiwara  et  al,  1994;  Miyake  et  al,  1998;  Nielsen  et  al,  1998;  Nguyen 
et  al,  1996).  Together  with  the  in  vitro  data,  these  results  support  the  clinical  application 
of  adenovirus  p53  combination  approaches  to  tumors  expressing  mutant  p53.  In  the 
experiment  shown  in  Fig.  3,  PC-3  prostate  cancer  cells  which  express  mutant  p53,  were 
implanted  in  20  nude  mice  (5  x  10*  cells/animal)  where  they  form  rapidly  growing  sub¬ 
cutaneous  tumors.  At  5  days  post-implantation,  when  tumor  sizes  had  obtained  a  volume 
of  about  50mm^  animals  were  randomized  by  tumor  size  and  treatment  was  initiated. 
The  first  day  of  treatment  was  then  designated  day  1  and  consisted  of  intraperitoneal 
injection  of  cisplatin  (PlatinoF**,  Bristol  Laboratories,  obtained  through  local  pharma¬ 
cies),  at  4  mg/kg  (LDIO)  on  days  1  and  8.  Vector  (Ad-p53  or  Ad-luc  control)  was  admin¬ 
istered  intratumorally  (10*pfu  per  tumor)  of  days  1,  3,  5,  8,  and  10.  In  both  cases,  some 
suppression  was  observed  with  Ad-p53  alone,  with  a  significant  enhancement  of  sup¬ 
pression  when  Ad-p53  was  combined  with  chemotherapy.  The  vector  doses  used  here 


Figure  3.  Suppression  of  PC-3  prostate  tumor  growth  in  nude  mice  by  Ad-p53  plus  cisplatin.  Vector  (10*pfu 
per  tumor)  was  administered  on  days  1,3,5,8,10,  and  cisplatin  was  administered  on  days  1,  8. 
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were  relatively  low  (10-30pfu  per  tumor  cell)  and  completely  without  side  effects  (as 
judged  by  periodic  weight  measurements  on  the  animals  and  histological  examination. 
We  observe  little  or  no  toxicity  in  nude  mice  of  vector  doses  as  high  as  lO’pfu  per  animal 
(Gjerset  et  ai,  1997).  Phase  I  clinical  trials  employing  p53  adenovirus  also  demonstrate 
that  this  vector  is  well  tolerated  in  patients  (Roth  et  ai,  1998).  Thus  restoration  of  wild- 
type  p53  function  through  gene  therapy  may  provide  a  significant  benefit  for  patients  with 
advanced  cancers,  when  used  in  combination  with  conventional  therapies. 


3.  THE  JUN  KINASE/STRESS-ACTIVATED  PROTEIN  KINASE 
PATHWAY  AND  THE  DNA  DAMAGE  RESPONSE 

Another  important  cellular  pathway  is  also  triggered  in  response  to  DNA  damage: 
the  Jun  Kinase/Stress-activated  protein  kinase  pathway  (JNK/SAPK),  one  of  several  dis¬ 
tinct  Mitogen-Activated  Protein  Kinase  (MAPK)  Pathways  involved  in  signal  transduc¬ 
tion.  Besides  its  role  in  the  DNA  damage  response  (discussed  below),  the  JNK/SAPK 
pathway  is  also  induced  by  growth  factors  such  as  EGF-l(Bost  et  al,  1999),  by  onco¬ 
gene  expression  (Binetruy  et  al,  1991),  and  is  essential  for  transformation  of  rat  embryo 
fibroblasts  (Smeal  et  al,  1991).  As  we  show  below,  inhibition  of  this  pathway  enhances 
sensitivity  to  DNA  damaging  therapies  in  both  p53  mutant  and  p53  wild-type  tumors, 
as  T98G  glioblastoma  cells,  PC-3  prostate  cancer  cells,  and  U87  glioblastoma  cells  which 
express  mutant  p53,  and  MCF7  breast  cancer  cells  which  express  wild-type  p53,  are  all 
sensitized  to  various  DNA  damaging  treatments  by  expression  of  a  dominant-negative 
inhibitor  of  the  pathway.  Thus  it  may  be  possible  to  modulate  this  pathway  by  itself  or 
in  combination  with  p53  gene  replacement  to  enhance  tumor  cell  responsiveness  to  DNA 
damaging  chemotherapies. 

The  Mitogen  Activated  Protein  Kinase  (MAPK)  pathways  play  roles  in  several 
cellular  processes,  including  cellular  transformation,  proliferation,  differentiation,  and 
the  DNA  damage  response.  Through  these  pathways  extracellular  growth  and  stress 
stimuli  transmit  signals  through  a  cascade  of  kinases  and  phosphorylation  events  that 
result  in  the  phosphorylation  and  activation  of  transcription  factors  such  as  c-Jun  (a  het- 
erodimeric  component  of  the  AP-1  complex  and  related  transcription  complexes),  ATF- 
2  and  Elk-1  (Bost  et  al,  1997;  Cavigelli  et  al,  1995;  Derijard  et  al,  1994;  Gupta  et  al, 
1995;  Hibi  et  al,  1993;  Livingstone  et  al,  1995;  Potapova  et  al,  1997;  Smeal  et  al,  1991, 
1992).  This  phosphorylation  activates  the  transcriptional  transactivation  properties  of 
AP-1  and  related  factors  and  leads  to  the  subsequent  induction  of  specific  response  genes. 
The  cascade  of  events  begins  with  the  activation  of  the  Mitogen  Activated  Protein  Kinase 
Kinase  Kinases  (MAPKKK),  followed  by  activation  of  the  Mitogen  Activated  Protein 
Kinase  Kinases  (MAPKK),  and  finally  activation  of  the  Mitogen  Activated  Protein 
Kinases  (MAPK),  of  which  the  Jun  Kinase  family  of  enzymes  (including  JNK  1,2,3)  is 
one  example. 

3.1.  /n  Vitro  Sensitization  to  Chemotherapeutic  Drugs  Through  Inhibition  of 
the  JNK/SAPK  Pathway 

T98G  glioblastoma  cells  activate  the  JNK/SAPK  pathway  in  response  to  treatment 
with  the  chemotherapeutic  agent,  cisplatin  (Potapova  et  al,  1997),  which  forms  bifunc¬ 
tional  DNA  cross  links  between  adjacent  guanines  or  adenine-guanine  dinucleotides.  This 
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is  consistent  with  numerous  other  reports  in  which  activation  of  the  JNKySAPK  pathway 
has  been  observed  in  response  to  genotoxic  DNA  treatments,  including  UV  irradiation 
(Derijard  ei  al,  1994,  Adler  et  al,  1995a,  1995b,  1996),  ionizing  radiation  (Kharbanda 
et  al,  1995),  the  mutagens  methylmethane  sulfate  (MMS),  N-nitro-N'-nitroso-guanidine 
(MNNG)  and  numerous  genotoxic  chemotherapeutic  agents  such  as  Ara-C  (1-P-D- 
Arabinofuranosylcytosine)  (van  Dam  et  al,  1995;  Kharbanda  et  al,  1995).  For  several 
of  these  agents  such  a  UV-irradiation,  the  activation  of  the  JNK/SAPK  pathway  is 
directly  proportional  to  the  number  of  DNA  damaging  events  (Adler  et  al,  1995a).  Acti¬ 
vation  is  often  rapid,  detectable  within  a  few  minutes.  These  characteristics  have  given 
rise  to  the  hypothesis  that  the  role  of  the  JNK/SAPK  pathway  may  be  to  mediate  DNA 
repair  (Potapova  et  al,  1997). 

To  evaluate  the  role  of  JNK/SAPK  activation  in  the  cellular  DNA  damage  response 
we  selected  clones  of  T98G  cells  modified  to  express  a  non-phosphorylatable  mutant  of 
c-Jun  (T98G  mJun),  in  which  serines  63  and  73,  the  targets  of  Jun  Kinase-mediated  phos¬ 
phorylation,  have  been  replaced  by  alanines  (Smeal  et  al,  1991,  1992).  These  cells  are 
therefore  suppressed  in  JNK-mediated  functions.  We  found  that  unlike  control  vector- 
modified  cells  (T98GLHCX)  or  wild-type  c-Jun-modified  cells  (T98GcJun),  both  of 
which  are  highly  resistant  to  cisplatin,  the  modified  clones  expressing  mJun  (T98GdnJun) 
showed  a  significant  loss  of  viability  following  treatment  with  cisplatin  (Fig.  4).  Fur¬ 
thermore,  the  increase  in  cisplatin  sensitivity  correlated  with  the  level  of  expression  of 
mJun  in  several  different  clones  (Fig.  5).  We  observed  a  similar  increase  in  sensitivity 
to  cisplatin  in  MCF7  breast  cancer  cells,  in  PC-3  prostate  cancer  cells,  and  in  U87 


Figure  4.  Viability  assay  showing  that  mutant  Jun  sensitizes  T98G  cells  to  cisplatin.  Viability  was  assayed  5 
days  following  a  1  hour  treatment  with  cisplatin.  Empty  vector  control  cells  (•);  wild-type  c-Jun-expressing  cells 
(■);  and  mutant  Jun-expressing  cells  {♦), 
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Figure  5.  Dose  response  curve  of  the  IQo  (cisplatin)  versus  total  immunoreactive  Jun  (c-Jun  +  mutant  Jun). 
Total  immunoreactive  Jun  was  determined  by  sequential  immunoprecipitation  of  ”S-labeled  cells  using  specific 
Jun  B,  Jun  D,  followed  by  pan- Jun  antiserum. 


glioblastoma  cells  that  were  modified  with  the  non-phosphorylatable  mJun  (not  shown). 
We  also  observed  enhanced  sensitivity  to  cisplatin  in  cells  modified  with  the  TAM67 
mutant  of  c-Jun  (not  shown).  Tam67  has  a  truncated  N-terminal  domain  and  is  known 
to  be  a  dominant  negative  inhibitor  of  c-Jun  phosphorylation  (Grant  et  al,  1996). 
However,  we  did  not  observe  in  mJun  modified  T98G  cells  nor  in  mJun  modified  PC-3 
cells  an  increase  in  sensitivity  to  the  anti-mitotic  agent,  taxotere™  (kindly  provided  by 
Dr.  Pierre  Potier,  Centre  Nationale  de  la  Recherche  Scientifique,  Paris),  whose  primary 
target  is  the  mitotic  spindle  rather  than  DNA  (Fig.  6).  Taken  together  these  results  argue 
that  the  JNK/SAPK  pathway  plays  a  role  in  resistance  to  DNA  damaging  agents  but  not 
to  agents  that  do  not  damage  DNA,  and  that  inhibition  of  this  pathway  could  be  a  means 
to  reverse  resistance  to  DNA  damaging  therapies  used  in  cancer  treatment. 

3.1.1.  Inhibition  of  DNA  Repair  by  Inhibition  of  the  JNKISAPK  Pathway.  T98G 
clones  modified  to  express  mutant  Jun  are  compromised  in  repair  of  cisplatin-DNA 
adducts  (Potapova  et  al.,  1997),  an  observation  that  further  supports  the  rationale  for 
enhancing  sensitivity  to  DNA  damage  through  inhibition  of  the  JNK/SAPK  pathway. 
DNA  repair  is  known  to  play  a  role  in  acquired  resistance  to  DNA  damaging  chemother¬ 
apies  (Barret  and  Hill,  1998;  Crul  et  al.,  1997;  Reed,  1998;  Fink,  Aebi  and  Howell,  1998; 
Saves  and  Masson,  1998;  Scanlon,  1989).  Furthermore,  as  summarized  in  Table  1,  a 
number  of  the  genes  involved  in  DNA  synthesis  and  repair  are  potentially  regulated  by 
the  AP-1  transcription  factor  and  related  transcription  factors  targeted  by  the 
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pM  Taxotere™  (docetaxel) 

Figure  6.  Viability  assay  showing  that  mutant  Jun  does  not  sensitize  T98G  cells  to  Taxotere™.  Viability  was 
assayed  7  days  following  a  1  hour  treatment  with  Taxotere™. 


JNK/SAPK  pathway  (i.e.,  c-Jun  and  ATF2,  components  of  AP-1  and  c-Jun-ATF2 
heterodimeric  transcription  activating  complexes,  respectively).  Furthermore,  down 
regulation  of  AP-1  by  treatment  of  cells  with  a  c-fos  antisense  ribozyme,  has  previously 
been  shown  to  correlate  with  down  regulation  of  expression  of  certain  of  these  enzymes 
(thymidylate  synthetase,  DNA  polymerase  B)  and  enhanced  sensitivity  to  cisplatin 
(Scanlon  eta/.,  1991). 

We  analyzed  DNA  repair  using  a  PCR-based  assay  developed  by  Jennerwein  and 
Eastman  (1991)  based  on  their  observations  that  DNA-cisplatin  adducts  block  the  pro¬ 
gression  of  the  Taq  polymerase  and  lead  to  a  decrease  the  yield  of  PCR  product  obtained 
from  any  given  PCR  amplicon  in  proportion  to  the  extent  of  platination.  The  authors 
demonstrated  that  the  relationship  between  the  relative  PCR  signal  strength  (P)  for  a 
given  amplicon  from  damaged  versus  undamaged  templates,  and  overall  platination  level 
fits  a  Poisson  distribution  predicted  from  a  random  platination,  so  that  P  =  e"“,  where 
n  =  adducts  per  amplicon-sized  fragment. 

We  have  used  primers  described  by  Oshita  and  Saijo  (1994)  to  amplify  a  2.7  Kb 
fragment  of  the  human  hypoxanthine  phosphoribosyl  transferase  (HPRT)  gene,  a  frag¬ 
ment  large  enough  to  sustain  readily  detectable  levels  of  damage  following  cisplatin  treat¬ 
ment  of  cells.  As  an  internal  control  for  the  efficiency  of  the  PCR  reaction,  we  used  a 
nested  5'  primer  which  amplified  a  1 50  base  fragment  of  the  same  gene.  At  levels  of  cis¬ 
platin  used  to  treat  cells,  damage  to  the  smaller  fragment  was  undetectable.  PCR  reac¬ 
tions  were  performed  under  quantitative  conditions  such  that  the  extent  of  reaction 
remained  directly  proportional  to  amount  of  template.  Figure  7  shows  an  example  of 
PCR  amplification  of  the  2.7  Kb  fragment  and  the  150  base  fragment  from  DNA  pre¬ 
pared  from  T98G  glioblastoma  cells  treated  with  0,  100,  and  200  |iM  cisplatin  for  1  hour. 
Quantitation  of  band  intensities  was  accomplished  using  Kodak  digital  camera  and 
analysis  software,  and  relative  band  intensity  measurements  were  then  used  to  calculate 
adducts  per  Kb  based  on  the  Poisson  relationship  described  above. 
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genes  is  not  known. _ 

(continued) 
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a  b 

fl+C 

smp/  «MM»  2.7  Kbp 

HPRTose  gene  * 

c 

b+c 

4MPMMIIP  150  bp 

A3?  amplification  of  fragments  of  the 

1%  agwase  gel  followed  by 

HPRTose  gene  using  end-labelled 
primers 

quantification 

Figure  7.  PCR  amplification  of  DNA  from  T98G  cells  that  had  been  incubated  1  hour  with  0,  100  pM,  and 
200  pM  cisplatin.  Products  were  analyzed  on  an  agarose  gel  and  stained  with  ethidium  bromide,  followed  by 
quantitation  of  band  intensities  using  the  Electrophoresis  Documentation  and  analysis  System  120  (Kodak 
Digital  Science™). 


Table  2  summarizes  the  cisplatin  adducts  per  Kb  observed  on  DNA  from  T98G 
glioblastoma  cells  treated  for  1  hour  with  200  pM  cisplatin  and  then  harvested  either 
immediately  or  after  a  6  hour  recovery  period.  As  shown  in  the  table,  cisplatin  adducts 
occur  at  greater  frequency  in  DNA  from  T98G  mutant  Jun  expressing  cells  than  in  DNA 
from  parental  T98G  cells.  Furthermore,  parental  T98G  cells  repair  more  than  half  of  the 
adducts  during  the  6  hour  recovery  period,  whereas  little  repair  occurs  in  T98G  mJun 
cells  during  that  period  of  time.  Thus  the  increase  in  cisplatin  sensitivity  observed  in 
T98G  mJun  cells  can  be  accounted  for  at  least  in  part  by  a  defect  in  their  ability 
damaged  DNA. 

3.2.  Mechanism  of  Action  of  JNK/SAPK  in  DNA  i  ^ 

How  might  the  activation  of  JNK  by  genotoxic  stress  \  repair?  The 

answer  to  this  question  is  not  known  in  any  detail,  but  a  '■  .mei  «ji  point 

to  several  testable  hypotheses.  It  was  noted  that  the  promoters  of  ccii-. ijv, 
to  be  involved  in  carrying  out  cisplatin-DNA  adduct  r  air  contain  AP-l-like  or 
ATF2/CREB  regulatory  elements  (section  3.1.1).  Tb  u-  of  DNA-cisplatin  adducts 
is  believed  to  require  the  nucleotide-excision  repair  process  (Reed,  1998).  In  addition, 
a  number  of  enzymes  utilized  for  DNA  synthesis  are  reported  to  be  involved  (reviewed 
in  Zamble  and  Lippard,  1995).  These  included  DNA  polymerase  p,  topoisomerase  I, 
topoisomerase  II,  uracyl  glycosylase,  PCNA,  metallothionine  and  others  (Table  1,  and 
references  therein).  In  each  case  the  promoter  regions  contains  one  or  more  AP-1 


Table  2.  Cisplatin-DNA  adducts  per  2.7  KBASE 
Treatment _ T98G  parental  cells _ T98G  mutant  jun  cells 

200  nM  cisplatin  1  hour  0.48  ±  0.08  0.63  ±  0.2 

200  pM  cisplatin  1  hour,  6  hour  recovery _  0.20  ±  0.05  0.55  ±  0.2 
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or  ATF2/CREB  regulatory  sequences.  In  several  cases  such  as  DNA  polymerase  beta, 
genotoxic  stress  in  the  form  of  UV-irradiation  is  know  to  induce  the  gene  and  that  the 
ATF2/CREB  sites  are  required  for  this  event  (Table  1  and  references  therein).  Moreover, 
the  N-terminal  phosphorylation  of  c-Jun  and  ATF2  by  the  action  of  Jun  Kinase  leads 
to  increased  DNA  binding  and  transactivation  potential  of  heterodimeric  complex 
formed  by  phosphorylated  c-Jun  and  ATF2.  Indeed,  the  c-Jun  promoter  itself  is  one  of 
the  better  studied  example  of  a  gene  that  is  up-regulated  upon  binding  of  the  c-Jun-ATF2 
heterodimer  (van  Dam  et  ai,  1995;  Wilhelm  et  al.,  1995).  N-terminal  phosphorylation 
of  both  c-Jun  and  ATF2  is  required  for  the  activation  of  the  c-jun  gene  (van  Dam  et  al., 
1995;  Wilhelm  et  ai,  1995).  Other  examples  of  gene  that  are  up-regulated  upon  forma¬ 
tion  of  c-Jun-ATF2  heterodimers  include  the  ELAN  promoter  (De  Luca,  et  al.,  1994) 
and  the  TNF-alpha  promoter  (Newell  et  al.,  1994).  Thus,  there  is  circumstantial  evidence 
supporting  the  hypothesis  that  activation  of  the  Jun  Kinase  pathway  by  genotoxic  stress 
leading  to  the  phosphorylation  of  both  ATF2  and  c-Jun  and  thereby  causing  preferen¬ 
tial  formation  of  ATF2-c-Jun  heterodimers.  These  complexes  preferentially  bind  pro¬ 
moters  containing  octomeric  ATF2/CREB  regulatory  elements.  This  hypothesis  predicts 
that  several  of  the  genes  known  to  be  involved  in  cisplatin-DNA  adduct  repair  may  be 
coordinated  upregulated  upon  activation  of  the  JNK  pathway  following  damage  to  DNA 
by  cisplatin.  If  verified,  such  an  explanation  suggests  that  the  JNK  pathway  is  a  poten¬ 
tially  useful  target  for  intervention  and  that  agents  that  inhibit  JNK  activity  or  forma¬ 
tion  may  be  useful  in  achieving  enhanced  sensitivity  of  tumor  cells  to  cisplatin. 

3.3.  JNK/SAPK  Pathway  with  Antisense  Approaches 

The  above  observations  argue  that  targeting  the  JNK/SAPK  pathway  could  have 
potential  as  a  sensitizer  to  a  variety  of  DNA  damaging  chemotherapies,  a  possibility  that 
we  have  investigated  directly  using  antisense  oligonucleotides  to  either  JNK  1  or  2  family 
of  JNK  isoforms. 

Antisense  mechanisms  result  most  likely  from  oligonucleotide-target  mRNA  hybrid 
formation  in  the  nucleus  which  stimulates  the  cleavage  of  the  mRNA  at  one  or  more  sites 
near  the  terminus  of  the  hybrid  complex  by  ribonuclease  H  (Crooke,  1992,  1998;  Dean 
et  al,  1996),  as  well  as  from  cytoplasmic  complexes  which  may  lead  to  translation  arrest 
(Crooke,  1992, 1998;  Dean  et  al,  1996).  Because  steady  state  mRNA  levels  do  not  always 
predict  steady  state  gene  product  levels,  we  monitor  the  effects  antisense  by  the  fractional 
reduction  of  the  gene  product.  An  enzymatic  assay  that  discriminates  among  the  various 
isoforms  of  Jun  Kinase  can  be  used  (Hibi  et  al,  1993),  as  well  as  Western  analysis  or 
PAGE  analysis  following  immunoprecipitation. 

The  appropriate  oligonucleotide  controls  for  antisense  efficacy  have  been  described 
in  detail  (Stein  and  Kreig,  1994).  and  include  a  sense  sequence,  scrambled  sequence  or 
random  control  oligonucleotides,  and  antisense  sequences  bearing  one  or  a  small  number 
of  mismatched  bases,  i.e.  mismatched  with  respect  to  the  complementary  target  sequence. 

For  our  studies  we  have  used  antisense  oligonucleotides  complementary  to  the 
JNKl  or  JNK  2  families  of  JNK  isoforms  by  selecting  target  sequences  common  to  the 
major  isoforms  of  human  JNKl  and  JNK2.  Phosphorothioate  backbone  chemistry  has 
been  used  as  this  formulation  is  nuclease  resistant,  readily  available  and  a  common 
element  of  second  generation  compounds  (Crooke,  1992, 1998;  Dean  et  al,  1996;  McKay 
etal,  1999). 

In  collaboration  with  ISIS  Pharmaceuticals,  Inc.  (Carlsbad,  CA)  we  have  identified 
effective  antisense  oligonucleotides  capable  of  entering  and  inhibiting  specifically  JNKl 
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or  JNK2  mRNA  expression  in  A549  lung  cancer  cells  (Bost  et  al,  1997,  1999).  As  an 
example  of  a  screening  for  JNKl  and  JNK2,  Fig.  8  is  included.  As  shown,  most  candi¬ 
date  oligonucleotides  had  only  a  small  effect  on  the  steady  state  level  of  JNKl  or  JNK2 
mRNA  (Fig.  8).  However,  their  degree  of  activity  greatly  varied  depending  on  the 
targeted  region  (Fig.  8).  Among  the  most  potent  oligonucleotides  of  the  array  com¬ 
plementary  to  JNKl  is  ISIS  12539  (JNK1ASISIS12539)  (5'-CTCTCTGTAGGCC- 
CGCTTGG-3')  located  in  the  3'  end  of  the  coding  region.  Treatment  with  this 
oligonucleotide  leads  to  a  reduction  of  steady  state  mRNA  level  by  95%  (Fig.  8A)  as 
observed  24  hours  after  a  4  hour  exposure  of  the  cells  to  0.4  pM  antisense  oligonu¬ 
cleotides.  ISIS  12560  (JNK2AS1SIS 12560)  (5'-GTCCGGGCCAGGCCAAAGTC-3'), 
located  in  the  5'  end  of  the  coding  region  of  JNK2  genes,  was  the  most  efficient  oligonu¬ 
cleotide  in  reducing  JNK2  steady  state  mRNA  levels.  Lipofection  with  this  oligonu¬ 
cleotide  lead  to  a  decrease  in  the  steady-state  JNK2  message  level  by  92%  compared  to 
the  control  JNK2  steady  state  mRNA  level.  The  oligonucleotides  targeted  to  the  regions 
flanking  either  side  of  the  sequences  for  JNKl  ASISISl 2539  and  JNK2ASISIS 12560  also 
inhibited  JNKl  and  JNK2  steady  state  mRNA  but  in  a  manner  that  decreased  with 
increasing  distance  from  the  optimum  sequence  (Fig.  8A  and  B)  suggesting  that  discrete 
regions  of  the  target  mRNA  are  accessible  and  sensitive  to  the  antisense-mediated  elim¬ 
ination  of  steady-state  mRNA  as  previously  described  (Crooke,  1992,  1998). 

Cross  inhibition  tests  demonstrated  isoform  class  specificity.  As  shown  in  Fig.  9, 
JNK1ASISIS12539  eliminates  JNKl  mRNA  and  protein  but  does  not  affect  JNK2 
mRNA  and  protein  and,  conversely,  JNK2ASISIS 12560  has  no  effect  on  JNKl  mRNA 
and  protein  but  abolishes  JNK2  mRNA  and  protein.  In  the  northern  analysis  we  describe 
an  example  where  two  other  antisense  oligonucleotides  from  the  initial  gene  screening 
are  less  efficient  in  reducing  mRNA  steady-state  levels  of  their  respective  target  gene  (Fig. 
9).  Similarly,  western  analysis  shows  that  lipofections  with  the  antisense  oligonucleotides 
leads  to  complete  elimination  of  their  respective  target  steady  state  protein  levels,  whereas 
the  scrambled  sequence  versions  of  the  candidate  oligonucleotides,  JNKl  Scr  or  JNK2Scr 
have  no  effect  (Fig.  10).  Thus  effective  and  specific  reagents  can  be  obtained. 

These  reagents  have  been  used  to  examine  the  growth  promoting  roles  of  the  Jun 
Kinase  pathway  in  human  T98G  glioblastoma  cells  (Potapova  et  al,  1998),  human  A549 
NSCLC  cells  (Bost  et  al,  1997,  1999),  and  human  PC3  prostate  carcinoma  cells  (Yang 
et  al,  1998)  and  shown  to  specifically  inhibit  growth  and,  in  the  case  of  A549  cells, 
anchorage  independent  growth.  Moreover,  these  reagents  have  been  used  in  systemic 
treatment  of  established  PC3  xenografts  and  shown  to  block  growth  and  promote  regres¬ 
sion  of  the  established  tumors  in  high  frequency  (Bost  et  al,  1998).  In  this  case,  growth 
inhibition  by  antisense  treatment  of  78%  was  superior  to  that  of  cisplatin  treatment  alone 
(47%),  however  the  effects  of  combined  antisense  JNK-cisplatin  of  89%  inhibition  was 
greater  than  either  alone  suggesting  that,  indeed,  it  may  be  possible  to  sensitize  solid 
tumors  to  cisplatin  by  elimination  of  Jun  Kinase.  It  will  be  of  interest,  therefore,  to  deter¬ 
mine  whether  JNK  in  involved  in  a  general  mechanism  utilized  in  other  tumor  cell  lines 
and/or  mediates  DNA  damage  repair  of  other  DNA-damaging  agents. 


4.  CONCLUSIONS 

These  results  have  clinical  implications  with  regard  to  the  application  of  therapies 
designed  to  alleviate  drug  resistance.  As  tumors  progress,  particularly  if  they  have  been 
exposed  to  DNA  damaging  therapies,  they  may  upregulate  their  DNA  repair  response 


Sensitization  of  Tumors  to  Chemotherapy  Through  Gene  Therapy 


287 


A 


•*  *  ♦ 

JNK1  Oligonucleotide 


B 


«n^9-0^<040’0<0-0'«r<. 

r«<Nree>tr>«<»#r<pepeMC>#rer« 


a-  *  a 

JNK2  Oligonucleotide  n° 

Figure  8.  “Messenger  walk”  survey  for  the  elimination  of  JNKl  and  JNK2  mRNA  levels  following  treatment 
with  phosphorothioate  antisense  oligonucleotides  targeted  to  JNKl  or  JNK2  mRNA.  A,  JNKl  mRNA  steady 
state  levels  in  A549  cells  following  treatment  with  26  different  phosphorothioate  antisense  oligonucleotides 
targeted  to  JNKl  mRNA.  JNKIAS'®'®'™’  gave  the  most  consistent  results  for  the  elimination  of  JNKl  mRNA 
steady  state  levels.  B,  Similar  experiment  to  the  previous  one  (Fig.  lA)  was  performed  with  13  phosphoroth¬ 
ioate  antisense  oligonucleotides  complementary  to  the  indicated  regions  of  the  JNK2  mRNA.  JNK2AS“'*‘^“® 
yielded  the  most  consistent  results  for  the  elimination  of  JNK2  mRNA  steady  state  levels.  All  oligonucleotides 
are  arrayed  relative  to  their  complementary  sequence  along  the  JNK  transcript.  The  asterisks  indicate  the 
oligonucleotides  having  a  very  similar  nucleotide  composition  (2-4  bases)  to  the  leading  compound.  These 
screenings  have  been  repeated  two  times  with  similar  results. 
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Figure  9.  A549  cells  were  treated  with  3  different  antisense  oligonucleotides  complementary  to  JNKl  mRNA 
(including  the  active  antisense  oligonucleotide  JNKIAS'*'®'-”’  and  3  different  antisense  oligonucleotides  com¬ 
plementary  to  JNKl  mRNA  (including  the  active  antisense  oligonucleotide  JNK2AS'®‘*'‘*“).  24  hours  after  a 
4  hours  transfection  with  0.4  pM  antisense  oligonucleotide,  mRNA  was  prepared  and  examined  by  northern 
analysis,  the  same  membrane  was  hybridized  successively  with  JNKl  probe,  JNKl  probe  and  the  G3PDH 
probe. 


(see  Reed,  1998  for  review),  which  may  in  part  involve  AP-1  regulated  DNA  synthesis 
and  repair  genes.  Elevated  c-fos  expression,  one  component  of  the  AP-1  transcription 
factor,  correlates  with  cisplatin  resistance  (Scanlon  et  al,  1991;  Funato  et  ai,  1992)  and 
may  directly  affect  the  synthesis  of  AP-1  regulated  DNA  synthesis  and  repair  genes,  such 
as  polymerase  P,  topoisomerase  I  and  thymidylate  synthetase  (Scanlon  and  Kashini- 
Sabet,  1998).  Loss  of  DNA  damage-induced  apoptosis  through  loss  of  wild-type  p53 
expression  also  correlates  with  drug  resistance  (O’Connor  et  al.,  1997)  and  represents  an 
independent  mechanism  through  which  tumors  acquire  resistance  to  therapy.  Because 
the  success  or  failure  of  DNA  repair  could  be  critical  in  determining  how  a  cancer 
cell  responds  to  expression  of  p53,  it  may  be  necessary,  in  optimizing  the  benefits  of 


JNKl AS  JNK2AS 


JNK 1  JNK  2 

{% control):  10  11  6.5  80  100  {% control) :  120  6  7  90  100 

Figure  10.  A549  cells  were  treated  with  the  indicated  concentration  of  phosphorothioate  2'-0-methoxyethyl- 
modified  antisense  oligonucleotides  JNKlAS’®'®'*’*‘or  JNK2AS‘*'®'””  and  0.4 pM  of  their  respective  control 
oligonucleotides  JNKlScr'^'^'^^and  JNK2Scr‘^'*'”™.  Cell  extracts  were  prepared  36  hours  after  the  transfec¬ 
tion  and  examined  by  western  analysis  using  anti- JNKl  antibodies  (SC-571).  Protein  level  (below)  was  deter¬ 
mined  by  comparison  to  respective  protein  level  in  untreated  cells  using  the  Electrophoresis  Documentation 
and  analysis  System  120  (Kodak  Digital  Science™). 
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p53-based  approaches,  to  concurrently  down-regulate  the  cellular  stress  and  DNA 
damage  response  pathways  such  as  the  Jun  Kinase  pathway.  Combination  approaches 
targeting  independently  these  two  cellular  responses  to  DNA  damage  can  be  foreseen 
today,  and  may  provide  an  optimal  strategy  for  reversing  or  alleviating  drug  resistance 
in  advanced  cancers. 
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abstract:  This  study  examines  how  accessibility  to  cisplatin  on  various  genomic  regions  in  T47D  breast 
cancer  cells,  including  the  retinoic  acid  receptor  gene  promoter  and  coding  region  and  the  dihydrofolate 
reductase  gene  promoter  and  coding  region,  is  affected  by  treatment  of  the  cells  with  9-cis  retinoic  acid, 
a  treatment  that  activates  the  retinoic  acid  receptor  /3  gene  promoter  in  these  cells.  A  PCR-based  assay 
was  used  to  measure  cisplatin  adduct  density  based  on  the  inhibition  of  PCR  amplification  of  templates 
from  cisplatin  treated  versus  untreated  cells.  Treatment  of  cells  with  9-cis  retinoic  acid  enhanced  accessibility 
to  cisplatin  on  the  retinoic  acid  receptor  gene  promoter  region,  but  not  on  the  coding  regions  of  that 
gene  nor  on  the  dihydrofolate  reductase  gene  promoter  or  coding  regions,  where  accessibilities  to  cisplatin 
remained  2—4  times  lower  than  on  the  activated  retinoic  acid  receptor  gene  promoter.  Examination  of 
smaller  regions  within  this  promoter  region  showed  a  repression  of  platination  in  the  500  bp  region 
surrounding  the  TATA  box  in  cells  prior  to  9-cis  retinoic  acid  treatment,  which  was  abolished  following 
promoter  activation.  Differences  in  sequence  composition  between  the  various  regions  could  not  fully 
account  for  differences  in  platination,  suggesting  that  structural  features  such  as  bends  in  retinoic  acid 
receptor  gene  promoter  DNA  following  gene  acdvation,  create  energetically  favorable  sites  for  platination, 
and  contribute  to  the  cytotoxicity  of  the  drug. 


cw-Diamminedichloroplatinum  (cisplatin)  is  a  highly  ef¬ 
fective  chemotherapeutic  agent  used  in  the  treatment  of  a 
variety  of  human  tumors  (7).  Its  cytotoxicity  derives  from 
its  ability  to  damage  DNA,  forming  primarily  bifunctional 
1,2-intrastrand  cross-links  between  adjacent  guanines  or 
adenine-guanine  dinucleotides,  as  well  as  other  minor  adducts 
including  interstrand  cross-links  (2).  Adduct  formation 
impedes  DNA  polymerase  progression,  inhibits  DNA  syn¬ 
thesis,  and  triggers  apoptosis  (5—5).  While  inhibition  of  DNA 
synthesis  is  believed  to  be  a  critical  step  in  cisplatin’s 
cytotoxicity,  it  does  not  by  itself  account  for  the  marked 
antitumor  efficacy  of  cisplatin.  For  example,  adducts  formed 
by  the  geometric  isomer  of  cisplatin,  rra/is-diamminedichlo- 
roplatinum  (transplatin),  also  impede  DNA  polymerase 
progression  and  inhibit  DNA  synthesis  (6).  Yet  transplatin 
does  not  induce  apoptosis  and  has  little  antitumor  activity. 
Furthermore,  while  cisplatin  causes  slowing  of  DNA  syn¬ 
thesis,  cells  treated  with  cisplatin  do  not  arrest  in  S  phase, 
but  progress  and  block  in  G2  (7).  In  addition,  the  extent  to 
which  DNA  synthesis  is  slowed  by  cisplatin  in  sensitive 
versus  resistant  cells  does  not  correlate  with  its  relative 
toxicity  to  those  cells  (8).  Several  studies  have  pointed  to 
transcription  as  a  key  target  for  cisplatin  and  have  suggested 
that  cisplatin’s  ability  to  target  certain  genetic  regulatory 
elements  and  inhibit  specific  gene  expression  may  contribute 
greatly  to  its  toxicity  (9—72). 
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A  structural  distortion  in  DNA  occurs  upon  cisplatin 
binding  that  has  been  proposed  to  underlie  the  biological 
toxicity  of  cisplatin.  Crystallographic  studies  reveal  that  the 
1,2-cisplatin  cross-link  induces  a  bend  of  about  45°  toward 
the  major  groove  of  the  DNA  helix  accompanied  by  thermal 
destabilization  (75).  Such  a  bend  appears  to  generate  a 
structural  motif  with  biological  specificity,  as  certain  chro¬ 
mosomal  proteins  bind  with  high  affinity  to  these  sites.  These 
proteins  include  histone  HI  (74),  HMGl  (75),  HMG2  (75), 
the  human  structure-specific  recognition  protein  SSRP1(77, 
18),  and  the  human  transcription  factor  hUBF  (75),  all  of 
which  are  proteins  known  to  bend  DNA  and  whose  binding 
to  DNA  might  be  facilitated  by  the  bends  generated  by 
cisplatin.  In  contrast,  the  structural  effects  of  transplatin 
appear  to  be  of  greater  variability  (79),  and  transplatin 
adducts  do  not  constitute  high  affinity  binding  sites  for  the 
above-mentioned  chromosomal  proteins  (see  ref  20  for 
review).  Cisplatin’s  toxicity  may  therefore  be  related  to  the 
structural  consequences  of  adduct  formation,  which  could 
involve  a  disruption  of  normal  binding  of  chromosomal 
proteins,  or  an  impediment  to  conformational  changes  that 
are  necessary  for  biological  regulation. 

In  the  studies  reported  here  we  have  addressed  the 
possibility  that  cisplatin  may  actually  target  chromosomal 
regions  such  as  transcriptional  promoters,  where  DNA  bends 
or  partial  unwinding  of  DNA  may  occur  following  transcrip¬ 
tion  factor  recruitment  to  an  activated  promoter.  If  so,  such 
a  structural  motif  may  provide  a  preferential  target  for 
cisplatin  and  contribute  to  the  cytotoxicity  of  this  drug.  We 
have  examined  cisplatin  adduct  formation  on  promoter  and 
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downstream  regions  of  the  retinoic  acid  receptor  ^  (RARyS)' 
gene  ifi  T47D  breast  cancer  cells,  where  this  gene  undergoes 
®retinoic-acid-dependent  activation.  Adduct  formation  as 
determined  by  a  quantitative  PCR-based  assay  was  observed 
to  be  significantly  higher  on  the  activated  RAR/3  promoter 
than  on  a  downstream  region  of  the  same  gene,  as  well  as 
on  the  coding  and  promoter  regions  of  the  constitutively 
expressed  housekeeping  gene,  dihydrofolate  reductase  (DHFR). 
Adduct  formation  on  the  DHFR  promoter,  which  does  not 
undergo  retinoic-acid-dependent  activation,  did  not  increase 
following  retinoic  acid  treatment  of  cells.  Cisplatin’ s  cyto¬ 
toxicity  may  therefore  derive  in  part  from  its  ability  to  target 
and  disrupt  the  function  of  certain  genetic  regulatory  loci 
such  as  the  RAR^  promoter. 

EXPERLMENTAL  PROCEDURES 

Cell  Culture.  T47D  breast  cancer  cells  were  purchased 
from  ATCC  and  maintained  in  RPMI  medium  supplemented 
with  10%  heat-inactivated  fetal  bovine  serum,  1  mM  sodium 
pyruvate,  2  mM  L-glutamine,  0.1  mM  nonessential  amino 
acids,  and  50  /ig/mL  gentamycin.  Cell  culture  reagents  were 
purchased  from  Irvine  Scientific,  Santa  Ana,  CA.  All 
experiments  were  performed  using  charcoal-treated  serum 
(600  mg  of  activated  charcoal/50  mL  of  serum  for  10  min 
at  4  °C,  followed  by  filtration). 

Analysis  of  RARfi  and  DHFR  Gene  Expression.  About  5 
X  ICP  T47D  cells  (at  about  70%  confluency)  were  treated 
as  indicated  and  total  cellular  RNA  was  prepared  using  the 
Rneasy  kit  from  Qiagen  and  following  the  manufacturer’s 
procedure.  One  microgram  of  RNA  was  reverse  transcribed 
into  cDNA  in  a  20  pL  reaction  containing  0.5  mM  dNTPs 
(Pharmacia),  100  /ig/mL  oligo  dT  (Promega),  2  units  of 
RNAsin  (Promega),  10  units  of  Moloney  Murine  leukemia 
virus  reverse  transcriptase  (Promega),  and  reverse  tran¬ 
scriptase  buffer  (Promega).  This  cDNA  was  then  used  as  a 
template  for  quantitative  PCR.  Primers  were  chosen  so  as 
to  amplify  a  178  base  region  of  the  RARy3  coding  sequence 
encompassing  parts  of  exons  4  and  5,  as  well  as  a  246  base 
region  of  the  coding  sequence  of  the  dihydrofolate  reductase 
from  exons  1—4.  The  sequences  are  as  follows:  RAR;3 
message  (forward),  5'-GTGTACAAACCCTGCTrCGTCT- 
GC-3';  (reverse)  5'-CTGGAGTCGACAGTATrGGCATCG- 
3':  DHFR  message  (forward),  5'-GGTTCGCTAAACTG- 
CATCGTCGC-3';  (reverse)  5'-GTGGAGGTTCCTTGAG- 
TTCTCTG  -  3'. 

Amplification  conditions  were  as  described  below  for  the 
PCR-stop  assay.  Quantitative  conditions  were  verified  by 
preparing  cDNA  with  100  and  10  ng  of  RNA  (in  addition 
to  1  pg  of  RNA)  and  amplifying  serial  2-fold  dilutions  of 
the  cDNA  from  2  to  0.25  pL  of  template  to  show  that  product 
formation  was  proportional  to  input  template  under  our 
conditions.  Following  amplification,  products  were  analyzed 
by  agarose  gel  electrophoresis  followed  by  band  quantitation 
using  a  Kodak  digital  camera. 

Cell  Viability.  Following  treatments,  cell  viability  was 
monitored  by  adding  10%  Trypan  blue  and  determining  the 
fraction  of  cells  that  excluded  the  dye. 


'  Abbreviations:  RAR^,  retinoic  acid  receptor  RARE,  retinoic 
acid  response  element;  PCR,  polymerase  chain  reaction;  DHFR, 
dihydrofolate  reductase;  ATCC,  American  type  culture  collection;  PBS, 
phosphate-buffered  saline;  Kb,  kilobase;  bp,  base  pair;  CDS,  coding 
sequence. 
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Cisplatin  Treatments.  Cells  were  plated  at  50%  confluency 
in  six-well  plates  in  medium  supplemented  with  10% 
charcoal-treated  FBS  in  addition  to  the  other  standard 
additives  described  above.  Following  attachment,  cultures 
were  pretreated  24  h  in  the  presence  or  absence  of  1  pNl 
9-cis  retinoic  acid  (Sigma,  St.  Louis,  MO),  followed  by  a  2 
h  incubation  in  the  presence  or  absence  of  1  mM  cisplatin 
(Platinol,  aqueous  solution  at  1  mg/mL,  purchased  from  local 
pharmacies).  The  preincubation  medium  was  then  replaced, 
and  genomic  DNA  was  prepared  24  h  later  as  described 
below.  Although  DNA  repair  has  been  observed  to  occur 
over  24  h  in  cells  treated  with  lower  doses  of  cisplatin  (27— 
22),  at  the  high  levels  used  in  our  studies  we  observed  an 
overall  increase  in  adduct  formation  over  24  h,  so  that  adduct 
densities  approached  1—4  adducts/10  Kb  and  were  therefore 
readily  detectable  in  our  assay.  The  increase  in  adduct 
formation  over  time  suggests  that  residual  cisplatin  continued 
to  cause  DNA  damage  and  that  repair  did  not  keep  pace  with 
adduct  formation  under  our  conditions. 

Preparation  of  Genomic  DNA.  DNA  was  prepared  from 
treated  cultures  using  the  QIAmp  blood  kit  essentially 
following  the  manufacturer’s  protocol,  except  that  cells  were 
lysed  directly  on  the  plate  in  the  presence  of  PBS,  Qiagen 
protease,  and  lysis  buffer  supplied  in  the  kit.  Following 
purification,  DNA  was  adjusted  to  0.25  mg/mL  in  sterile 
water  and  stored  at  —20°  C  until  use. 

Analyses  of  DNA  Damage  by  PCR  Stop  Assay.  Quantita¬ 
tive  PCR  was  used  to  compare  cisplatin  adduct  formation 
on  specific  regions  of  DNA.  The  assay,  known  as  the  PCR 
stop  assay,  has  been  described  (25).  Because  Taq  polymerase 
is  blocked  at  cisplatin  adducts,  the  relative  efficiency  of  PCR 
amplification  of  genomic  DNA  from  cisplatin-treated  versus 
control  cells  decreases  in  proportion  to  platination  levels. 
The  relative  PCR  efficiency  is  equivalent  to  the  frequency 
(P)  of  undamaged  strands  within  a  population.  P  is  related 
to  the  average  number  (n)  of  cisplatin  adducts  per  fragment, 
by  the  Poisson  formula:  P  =  e”",  or  —(In  P)  =  n.  Adducts 
per  Kb  would  then  be  equal  to  —(In  P)/(size  of  fragment  in 
Kbs).  We  found  that  fragment  sizes  of  around  1  Kb  provided 
a  sufficiently  large  target  size  to  enable  measurement  of 
adduct  densities  in  the  range  0.1— 0.4  adducts/Kb  observed 
here.  A  drop  in  the  PCR  signal  of  damaged  DNA  to  0.67  of 
the  control  signal  would  therefore  reflect  an  average  cisplatin 
adduct  density  of  —(In  0.67)  =  0.4  adducts/fragment. 
Standard  deviations  among  triplicate  PCRs  were  in  the  range 
of  ±5%,  meaning  that  adduct  densities  of  less  than  about 
0.05  adducts/fragment  were  undetectable.  For  each  primer 
pair,  we  verified  that  product  formation  was  directly  pro¬ 
portional  to  input  template  DNA  by  performing  a  pilot 
experiment  with  serial  2-fold  dilutions  of  template,  followed 
by  electrophoresis  on  a  1%  agarose  gel  containing  0.5  pgj 
mL  ethidium  bromide.  Bands  were  quantitated  using  Kodak 
digital  camera  and  analysis  software.  Depending  on  the 
primer  set,  the  amount  of  template  used  in  the  PCR  reaction 
ranged  0.03-0.25  pg/25  ph  reaction.  Reactions  were  per¬ 
formed  in  25  pL  containing  template  DNA,  25  pmol  each 
of  forward  and  reverse  primer,  250  pM.  dNTPs  (Pharmacia), 
1.25  units  of  Taq  polymerase  (Qiagen),  1  x  buffer  (Qiagen), 
and  solution  Q  (Qiagen).  The  amplification  program  was  as 
follows:  1  cycle  (94  °C,  1  min  30  s);  25  cycles  (94  °C,  1 
min;  57  °C,  1  min;  70  °C,  2  min,  30  s);  1  cycle  (94  °C,  1 
min;  57  °C,  1  min;  70  °C,  7  min).  Two  independent  templates 
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Table  1: 

Primers  Used  for  PCR-stop  Assay  of  Genomic  DNA 

gene 

region  amplified 

primer  sequences  (5'  —  3') 

product  size  (base  pairs) 

RAR^ 

RAR^  Promoter 
(includes  A,B,C  below) 

1:  CGAGTGCAGTCAATTCAGCCAGG  (for) 

2:  GCTTATCCTCTAGGTGTGGAGGC  (rev) 

1043 

(A)  promoter,  upstream  and 
including  TATA  and  RARE 

1:  see  above  (for) 

3:  CTTCCTACTACTTCTGTCACACAG  (rev) 

624 

(B)  promoter  region  of 

TATA  and  RARE 

4:  GGGAGAGAAGTTGGTGCTCAACG  (for) 

5:  CCTTCCGAATGCGTTCCGGATC  (rev) 

483 

(C)  promoter,  downstream 
and  including  TATA  and 

RARE 

6:  GCTTTTGCAGGGCTGCTGGGAG  (for) 

2:  see  above  (rev) 

592 

RAR/3CDS  (1036  bp) 

(exon  10) 

7;  GGTGCAGAGCGTGTAATTACCTTG(for) 

8;  CTGCCTTGGAGGCTATCATTACTG(rev) 

1036 

RAR/3CDS  (483  bp) 

(exon  10) 

7:  see  above  (for) 

9:  GGTCTTTGCCATGCATCTTGAGTG  (rev) 

483 

DHFR 

DHFR  promoter 

11:  GCAGAAATCAGCAACTGGGCCTC  (rev) 

10:  CAGAATGGGAGTCAGGAGACCTG  (for) 

1000 

DHFR  CDS  (1062  bp) 

(exons  l,2,adjacentintrons) 

12:  CCGTAGACTGGAAGAATCGGCTC  (for) 

13:  CAGTTGCCAATTCTGCCCCATGC  (rev) 

1062 

DHFR  CDS  (472  bp) 

(exon  1  and  adjacent  introns) 

14:  CAATTTCGCGCCAAACITGACCG  (for) 

15;  GAGCTCTAAGGCACCTGACAAAC  (rev) 

472 

DHFR  CDS  (272  bp) 

(exon  1  and  adjacent  introns) 

(internal  control) 

16:  GGTTCGCTAAACTGCATCGTCGC  (for) 

17;  CAGAAATCAGCAACTGGGCCTCC  (rev) 

272 

1043  bases 

624  bases 

Q  mmmmmmm  483  bases 

Q  592  bases 


1036  bases 


Figure  1:  Location  and  sizes  of  PCR  amplification  products  from 
the  RAR^  gene  of  T47D  cells  (see  also  Table  1).  For  the  analysis 
in  Figure  3,  PCR  primers  were  chosen  so  as  to  amplify  a  1043  bp 
region  of  the  RAR/3  promoter,  including  the  retinoic  acid  response 
element  (RARE)  and  TATA  box,  and  a  1036  bp  region  of  the  RAR/3 
coding  sequence  (CDS).  For  the  analysis  in  Figure  4,  PCR  primers 
were  chosen  so  as  to  amplify  the  subregions  A,  B,  and  C. 


were  prepared  for  each  treatment  condition,  and  each  one 
was  analyzed  in  triplicate.  As  an  internal  PCR  control  for 
each  template,  a  270  bp  fragment  of  the  dihydrofolate 
reductase  gene  was  amplified.  This  fragment  is  too  small  to 
register  significant  levels  of  damage  under  the  conditions 
we  used,  and  its  amplification  product  was  seen  to  vary  by 
less  that  5%  among  the  various  templates.  The  primers  1  —  17 
used  for  PCR  amplification  of  various  regions  of  genomic 
DNA  are  summarized  in  Table  1.  Figure  1  shows  a  schematic 
representation  of  regions  amplified  from  the  RAR)3  gene. 

RESULTS 

Transcriptional  Response  of  the  RAR^  Gene  to  9-cis 
Retinoic  Acid  and  Cisplatin.  Figure  2  shows  the  results  of 
an  RT-PCR  assay  demonstrating  retinoic-acid-dependent 
activation  of  the  RARj3  gene  (lane  2  compared  to  lane  1) 
and  cisplatin-mediated  inhibition  of  this  activation  (lane  3). 
Under  the  same  conditions,  we  observed  little  change  in 
DHFR  expression  (lanes  4—6),  indicating  that  expression  of 
this  gene  is  not  retinoic  acid  dependent  and  that  cisplatin 
has  little  immediate  effect  on  its  expression.  This  is  consistent 
with  another  study  in  which  treatment  with  cisplatin  did  not 
alter  levels  of  DHFR  message  (24),  although  long  term  in 
vitro  selection  for  cisplatin-resistant  ovarian  carcinoma  cell 
lines  by  repeated  exposure  to  cisplatin  has  been  reported  to 
generate  variants  that  overexpress  DHFR  (25).  Genomic 
DNA  from  cells  before  and  after  treatment  with  9-cis  retinoic 


Figure  2:  Quantitative  RT-PCR  analysis  of  RAR^  gene  expression 
(lanes  1  -3)  and  DHFR  gene  expression  (lanes  4—6)  in  T47D  cells 
under  various  conditions.  Lanes  1  and  4:  untreated  T47D  cells. 
Lanes  2  and  5:  T47D  cells  treated  24  h  with  1  9-cis  retinoic 
acid.  Lanes  3  and  6:  cells  treated  24  h  with  9-cis  retinoic  acid, 
followed  by  2  h  with  200  pM  cisplatin.  Quantitative  conditions 
for  cDNA  synthesis  and  PCR  amplification  were  verified  as 
described  in  the  Experimental  Procedures.  A  total  of  10  and  2  pL, 
respectively,  of  the  RAR^  and  DHFR  PCR  reactions  were  analyzed. 


acid  was  then  used  to  analyze  platination  of  the  RARjS  gene 
in  its  active  and  inactive  state. 

Preferential  Cisplatin  Adduct  Formation  on  the  Activated 
RARP  Gene  Promoter.  We  performed  a  PCR  stop  assay  to 
examine  cisplatin  adduct  density  on  genomic  DNA  templates 
from  9-ciJ-retinoic-acid-treated  (RA-t-)  or  -untreated  (RA— ) 
cells.  Regions  spanning  about  1  Kb  in  length  of  the  RAR^ 
promoter  (1043  bp),  the  RAR^  coding  sequence  (1036  bp), 
the  DHFR  promoter  (1000  bp),  and  the  DHFR  coding 
sequence  (1062  bp)  were  examined  as  defined  by  primers 
listed  in  Table  1.  PCR  products  were  analyzed  on  agarose 
gels  (Figure  3A)  and  bands  were  quantitated  in  order  to 
determine  the  relative  PCR  efficiencies  from  platinated  versus 
unplatinated  templates.  Using  templates  from  (RA— )  cells 
(Figure  3A,  lanes  1  and  2),  the  relative  PCR  efficiencies  from 
platinated  versus  unplatinated  templates  (lane  2  versus  lane 
1)  were  as  follows:  RASfi  promoter  (0.88),  RAR)3  coding 
sequence  (0.85),  DHFR  promoter  (0.85),  DHFR  coding 
sequence  (0.87).  Using  templates  from  (RA-f)  cells  Oanes 
3  and  4),  the  relative  PCR  efficiencies  from  platinated  versus 
unplatinated  templates  (lane  4  versus  lane  3)  were  as 
follows:  RAR/3  promoter  (0.65),  RAR)3  coding  sequence 
(0.88),  DHFR  promoter  (0.9),  DHFR  coding  sequence  (0.88). 
On  the  basis  of  the  PCR  results,  the  cisplatin  adducts 
densities  were  calculated  by  the  Poisson  equation  described 
above.  The  results  plotted  in  Figure  3B  represent  the  averages 
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Figure  3;  Cisplatin  adduct  formation  on  various  regions  of  T47D 
cell  genomic  DNA  as  determined  by  the  PCR  stop  assay.  Regions 
analyzed  were  the  RAR^  CDS  (1036  bp),  the  RAR^  promoter 
(1043  bp),  the  DHFR  CDS  (1062  bp),  and  the  DHFR  promoter 
(1000  bp).  Genomic  DNA  was  prepared  from  cells  pretreated  in 
the  presence  (RA+)  or  absence  (RA-)  of  9-cis  retinoic  acid  for 
24  h  followed  by  2  h  in  the  presence  or  absence  of  1  mM  cisplatin. 
(A)  Agarose  gel  analysis  of  PCR  products  from  one  experiment. 
Lanes  1  and  2  (RA—  cells).  Lanes  3  and  4  (RA-t-  cells).  Lanes  1 
and  3  (no  cisplatin).  Lanes  2  and  4  (plus  cisplatin).  (B)  Bar  graph 
showing  cisplatin  adducts  per  Kb  as  calculated  from  the  PCR  results 
as  described  in  the  Experimental  Procedures.  The  results  represent 
the  averages  and  standard  deviations  of  two  separate  experiments 
with  independently  prepared  templates,  with  each  experiment  being 
performed  in  triplicate.  For  each  experiment,  results  were  corrected 
for  variations  in  the  270  bp  PCR  product  of  the  DHFR  gene. 

and  standard  deviations  of  two  separate  experiments  with 
independently  prepared  templates,  with  each  experiment 
being  performed  in  triplicate  and  corrected  for  variations  in 
the  270  bp  PCR  product  of  the  DHFR  gene. 
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As  shown  in  Figure  3B,  in  the  case  of  the  RAR/3  CDS 
(1036  bp),  the  DHFR  CDS  (1062  bp),  and  the  DHFR 
promoter  (1000  bp),  treatment  of  cells  with  9-cis  retinoic 
acid  has  little  effect  on  cisplatin  adduct  density.  Thus,  adduct 
densities  (in  adducts  per  Kb)  on  these  regions  in  untreated 
cells  (RA— )  are  observed  to  be  0.16  ±  0.03,  0.13  ±  0.08, 
and  0.17  ±  0.04,  respectively.  Adduct  densities  on  these  same 
regions  in  9-ciJ-retinoic-acid-treated  cells  (RA+)  are  ob¬ 
served  to  be  0.13  ±  0.06,  0.2  ±  0.04,  and  0.11  ±  0.07, 
respectively. 

In  contrast,  cisplatin  adduct  density  on  the  RAR)3  promoter 
(1043  bp)  is  enhanced  in  cells  following  treatment  of  cells 
with  9-cis  retinoic  acid  (Figure  3B).  For  this  region,  adduct 
densities  increase  from  0.12  ±  0.04  adducts/Kb  in  untreated 
cells  (RA— )  to  0.4  ±  0.16  adducts/Kb  in  treated  cells  (RA+). 
Cisplatin  adduct  density  measured  on  the  active  RAR/S 
promoter  region  in  RA-b  cells  is  therefore  about  2  times  as 
high  as  on  the  DHFR  CDS  (1062  bp)  or  DHFR  promoter 
regions  in  RA+  cells,  and  nearly  3.5  times  as  high  as  on  the 
inactive  RAR^  promoter  in  RA—  cells.  Cisplatin  adduct 
density  on  the  constitutively  expressed  DHFR  promoter  does 
not  increase  following  9-cis  retinoic  acid  treatment  (Figure 
3B). 

To  determine  the  extent  to  which  differences  in  sequence 
composition  might  account  for  differences  in  adduct  density, 
we  examined  the  number  of  GG  and  AG  dinucleotide  pairs 
(the  major  sites  of  adduct  formation  in  DNA)  in  the  various 
DNA  regions  studied,  as  summarized  in  Table  2  (column 
2).  Clusters  of  three  or  four  Gs  were  scored  as  one  site.  The 
number  of  potential  sites  for  adduct  formation  was  in  turn 
used  to  estimate  the  relative  frequencies  of  cisplatin  targets 
per  Kb  compared  to  the  DHFR  CDS  (1062  bp)  region  (Table 
2,  column  5),  given  that  AG  is  targeted  by  cisplatin  only 
about  40%  as  frequently  as  GG  dinucleotides  (2).  We  find 
that  cisplatin  adducts  form  on  the  RARfi  promoter  (1043 
bp)  about  two  times  as  frequently  as  we  would  anticipate 
on  the  basis  of  sequence  composition  alone.  That  is,  the 
estimated  frequency  of  targets  is  about  the  same  for  the 
RAR^  promoter  (1()43  bp)  region  and  the  DHFR  CDS  (1062 
bp)  region,  yet  the  observed  adduct  frequency  on  the 
promoter  region  is  about  two  times  what  it  is  on  the  DHFR 
CDS  (1062  bp)  region  (0.4  ±  0  0.16  versus  0.2  ±  0.04 
adducts/Kb).  Similarly,  the  estimated  frequency  of  targets 
on  the  RAR;8  promoter  (1043  bp)  is  about  two  times  the 
estimated  frequency  on  RAR^  CDS  (1036  bp),  yet  the 
observed  adduct  frequency  is  three  times  greater  on  the 
promoter  compared  to  the  CDS  (0.4  ±  0  0.16  versus  0.13  ± 
0.06  adducts/Kb).  This  suggests  that  other  factors  also 
contribute  to  the  preferential  targeting  of  cisplatin  to  the 
induced  RARjS  promoter. 

Location  of  Cisplatin  Adducts  within  the  Promoter  Region. 
To  further  localize  adduct  formation  within  the  promoter, 
we  subdivided  the  RAR)3  promoter  (1043  bp)  region  into 
three  overlapping  regions  A  (624  bp),  B  (483  bp),  and  C 
(592  bp)  shown  schematically  in  Figure  1,  and  defined  by 
primers  listed  in  Table  1.  As  shown  in  Figure  4,  in  the 
absence  of  promoter  activation  with  9-cis  retinoic  acid, 
adduct  formation  is  virtually  undetectable  in  the  central 
region  (B)  encompassing  the  TATA  box  and  RARE  (retinoic 
acid  response  element)  and  approximately  equivalent  in 
regions  A  and  C  in  adducts  per  Kb  to  what  we  observe  on 
the  larger  1043  base  region  of  the  promoter  (0.17  adducts/ 
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Table  2:  Comparison  of  Expected  versus  Observed  Adduct  Density  in  Various  Gene  Fragments  from  Cells  Treated  with  9-cis  Rednoic  Acid 
and  1  mM  Cisplatin  _ 


1 

2 

3 

4 

5 

6 

7 

gene 

fragment 

no.  of  GG  and 
AG  sites 

cisplatin  targets 
per  fragment” 

(a)  (b)  sum 

targets/Kb; 
column3(b) 
fragment 
length  (Kb) 

targets/Kb 
relative  to  DHFR; 
column  4  83 

expected  adducts 
per  Kb  based  on 
observed  DHFR*’; 
column  5  x  (0.2) 

observed 
adducts 
per  Kb” 

DHFR  CDS 

1062  bases 

GG  77 

AG  26 

GG77 
AG  11 

88 

83 

1.0 

0.2 

0.2  ±  0.04 

RAR)3CDS 
(1036  bp) 

GG25 

AG  56 

GG25 
AG  22 

47 

45 

0.54 

0.11 

0.13  ±  0.06 

RAR/S  promoter 
(1043  bp) 

GG72 

AG  50 

GG72 
AG  20 

92 

88 

1.1 

0.21 

0.40  ±  0.16 

DHFR  promoter 
(1000  bp) 

GG  84 

AG  55 

GG84 
AG  22 

106 

106 

1.3 

0.26 

0.11  ±0.07 

“  AG  adducts  are  about  40%  as  likely  to  form  as  GG  adducts  (16);  therefore,  AG  targets  (column  3a)  =  AG  sites  (column  2)  x  0.4.  *  From 
column  7. '  Calculated  from  PCR  data  in  Table  2  using  Poisson  equation  relating  adducts  per  fragment  to  PCR  signal,  and  correcting  for  fragment 
size. 


Kb  on  each  of  regions  A,  C  versus  0.12  adducts/Kb  on  the 
larger  fragment  overall).  This  suggests  that  some  portion  of 
the  central  region  of  the  promoter  included  in  fragment  B  is 
protected  from  platination  in  the  uninduced  state. 

Following  promoter  activation,  all  three  regions  A,  B,  and 
C  sustain  elevated  levels  of  damage,  (0.34  ±  0.07,  0.43  ± 
0.07,  and  0.27  ±0.11  adducts/Kb,  respectively),  which  is 
on  the  average  what  we  observe  on  the  larger  1043  base 
region  of  the  activated  promoter  (0.4  ±0.16  adducts/Kb). 
This  confirms  the  measurement  of  adduct  density  on  the 
larger  1043  base  region  (Figure  3  and  Table  2)  and  supports 
the  conclusion  drawn  from  the  comparison  of  sequence 
composition  that  the  activated  RAR/3  promoter  sustains  levels 
of  cisplatin  damage  greater  than  would  be  expected  on  the 
basis  of  base  composidon  alone.  Because  regions  A,  B,  and 
C  do  not  differ  significantly  between  themselves  in  GG  and 
AG  sequence  compositions,  the  result  here  suggests  that 
cisplatin  adducts  are  distributed  evenly  over  the  activated 
promoter  and  that  protection  from  platination  in  region  B  is 
abolished  by  promoter  activation. 

DISCUSSION 

In  these  studies,  we  have  used  a  PCR-based  assay  to  detect 
platination  on  genomic  regions  encompassing  about  1  Kb 
of  the  RAR^  promoter,  the  RAR)3  coding  sequence  (CDS), 
the  DHFR  promoter,  and  the  DHFR  CDS  in  T47D  breast 
cancer  cells.  We  see  that  treatment  of  these  cells  with  9-cis 
retinoic  acid,  a  treatment  that  activates  the  RAR^  promoter 
but  not  the  DHFR  promoter,  results  in  a  3-fold  increase  in 
accessibility  of  the  RAR^  promoter  region  to  cisplatin  (0.4 
±0.16  versus  0.12  ±  0.04  adducts/Kb).  In  contrast,  the 
accessibilites  to  cisplatin  of  the  DHFR  promoter,  DHFR 
CDS,  and  RAR^  CDS  are  not  significantly  altered  by 
treatment  of  cells  with  9-cis  retinoic  acid,  and  observed 
adduct  densities  remain  about  2—4-fold  lower  than  on  the 
activated  RAR^  promoter  (0.1 1  ±  0.07, 0.2  ±  0.04,  and  0.13 
±  0.06  adducts/Kb,  respectively).  The  activated  RAR^ 
promoter  appears  therefore  to  be  hypersensitive  to  cisplatin 
adduct  formation.  Preferential  platination  of  the  RAR^ 
promoter  relative  to  the  other  regions  examined  could  be 
attributed  only  in  part  to  differences  in  sequence  composition, 
suggesting  that  structural  factors  also  play  a  role  in  directing 
adduct  formation  to  certain  sites. 


I  I  without  9-cis  retinoic  acid 
■■  1  pM  9-cis  retinoic  acid 


(472) 

Figure  4:  Cisplatin  adduct  formation  on  three  overlapping  regions 
A  (624  bp),  B  (483  bp),  and  C  (592  bp)  of  the  RAj(^  promoter 
1043  bp  region  shown  schematicdly  in  Figure  1.  Primers  used  are 
listed  in  Table  1.  Cells  were  treated  as  in  Figure  3.  Results  represent 
the  average  of  triplicate  assays. 

The  possibility  that  promoter-specific  structural  changes 
influence  reactivity  with  cisplatin  is  further  supported  by  the 
analysis  of  subregions  of  the  larger  RAR^  promoter  frag¬ 
ment,  where  we  see  that  accessibility  to  cisplatin  increases 
over  the  entire  promoter  region  following  activation  of  the 
promoter.  Furthermore,  the  accessibility  to  cisplatin  of  the 
central  region  of  the  promoter,  including  the  TATA  box  and 
RARE  appears  to  be  suppressed  in  the  inactive  state,  and 
this  suppression  is  relieved  upon  promoter  activation.  In  this 
case,  inhibition  of  accessibility  to  cisplatin  might  be  due  to 
steric  hindrance  due  to  the  possible  positioning  of  a  nucleo- 
some  at  or  near  the  start  site  of  transcription.  A  recent 
analysis  of  a  large  set  of  unrelated  RNA  polymerase  n 
promoters,  both  TATA-containing  and  TATA-less,  has 
revealed  a  common  bendability  profile  of  DNA  just  down¬ 
stream  of  the  start  site  of  transcription,  suggesting  that  the 
DNA  could  wrap  around  protein  in  a  nucleosome  (26).  In 
addition,  the  complementary  triplet  pair,  CAG/(2TG,  shown 
to  correlate  with  nucleosome  positioning  (27,  25)  is  over¬ 
represented  in  the  region  just  downstream  of  the  transcription 
start  site  (26).  Complexation  with  nucleosomes  near  the 
transcription  start  site  of  the  inactive  promoter  might 
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therefore  impede  adduct  formation  by  cisplatin,  and  displace¬ 
ment  or  destabilization  of  nucleosomes  by  the  transcription 
initiation  complex  might  remove  this  impediment. 

Following  transcriptional  activation,  the  RAR/3  promoter 
not  only  becomes  more  accessible  to  cisplatin  than  it  was 
prior  to  transcriptional  activation  but  also  appears  to  bind 
more  cisplatin  than  would  be  expected  based  on  sequence 
composition  alone.  This  suggests  that  some  structural  feature 
of  the  DNA  of  the  activated  promoter  might  make  it  an 
energetically  favorable  site  for  cisplatin  adduct  formation. 
One  such  feature  might  be  an  induced  bend  in  the  promoter 
DNA  generated  as  a  result  of  protein— protein  interactions 
between  transcription  factors  bound  to  distant  sites  (see  ref 
29  for  review).  Such  a  bend  might  provide  the  stored  energy 
required  for  strand  separation  and  initiation  of  transcription, 
and  this  process  could  be  blocked  by  the  formation  of  a 
cisplatin  adduct. 

The  retinoids  all-trans-Tctinoic  acid  (ATRA)  and  9-cis 
retinoic  acid  (9-cij  RA),  as  well  as  several  synthetic 
analogues  of  these  natural  retinoids,  have  attracted  consider¬ 
able  attention  as  potential  chemotherapeutic  agents  for  the 
treatment  of  promyelocytic  leukemia  (30)  and  other  cancers 
(31—33).  As  ligands  for  nuclear  retinoic  acid  receptors 
(RARo,  j8,  or  y)  and  retinoid  X  receptors  (RXRot,  /3,  or  y), 
retinoids  regulate  the  expression  of  sets  of  overlapping  genes 
involved  in  the  regulation  of  cell  proliferation,  differentiation, 
and  apoptosis  (34—36).  all-trans-Relmoic  acid,  binding  to 
RAR  a,  /3,  or  y,  and  9-cis  retinoic  acid,  binding  to  either 
RAR  a,  or  y  or  RXR  a,  /3,  or  y,  promote  the  het¬ 
erodimerization  of  these  receptors  and  facilitate  the  binding 
of  the  heterodimeric  complex  to  specific  response  elements 
(RAREs)  in  the  promoter  regions  of  retinoic-acid-responsive 
genes.  This  binding  is  believed  to  facilitate  the  recruitment 
of  the  components  of  the  basal  transcription  complex  to  the 
promoter  and  promote  chromatin  remodeling  required  for 
the  onset  of  transcription.  While  these  events  may  by 
themselves  lead  to  partial  suppression  of  some  solid  tumors, 
in  most  examples  studied,  retinoids  showed  more  potential 
when  used  in  combination  with  DNA-damaging  chemo¬ 
therapies  such  as  cisplatin,  etoposide,  and  5-fluorouracil  (37— 
39).  A  synergistic  activity  between  retinoids  and  cisplatin 
has  been  observed  only  when  retinoid  treatment  preceded 
cisplatin  treatment,  and  this  correlated  with  a  1.5-fold 
increase  in  cisplatin  adduct  content  of  DNA  without  a  change 
in  cisplatin  uptake  (39).  These  data  suggest  that  retinoid 
treatment  induces  an  event  or  events  that  directly  enhance 
cisplatin  cytotoxicity  and  are  consistent  with  the  possibility 
suggested  by  our  data  that  retinoids  may  generate  cisplatin- 
hypersensitive  structures  that  contribute  to  an  enhanced 
response  to  cisplatin. 

These  data  implicate  chromatin  organization  as  a  compo¬ 
nent  influencing  the  toxicity  of  cisplatin  and  add  further 
support  to  a  growing  body  of  evidence  pointing  to  the 
transcription  process  as  a  target  for  cisplatin  mediated 
cytotoxicity.  Cisplatin  adduct  formation  may  disrupt  tran¬ 
scription  through  several  mechanisms,  including  the  follow¬ 
ing.  (a)  Cisplatin  adducts  may  generate  inappropriate  binding 
sites  for  transcription  factors  and  chromosomal  proteins  with 
HMG  domains,  titrating  them  away  from  their  natural  sites 
(IS).  A  variety  of  HMG-box  chromosomal  proteins  involved 
in  the  transcription  complex  bind  to  cisplatin  adducts  (14— 
18).  (b)  Cisplatin  may  inhibit  transcription  factor  binding  to 
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certain  promoters,  as  has  been  shown  for  a  stably  integrated 
mouse  mammary  tumor  virus  promoter-driven  reporter  gene 
(40).  In  this  case,  cisplatin  treatment  prior  to  hormonal 
induction  prevented  activation  of  the  reporter  gene  and 
blocked  recruitment  of  the  transcription  complex  to  the 
promoter,  (c)  By  targeting  GG  dinucleotides,  cisplatin  may 
inhibit  certain  regulatory  elements  rich  in  strings  of  gua- 
nosines,  leading  to  selective  inhibition  of  such  promoters  (9, 
10).  (d)  As  suggested  by  our  results,  cisplatin  may  target  a 
DNA  structure  generated  in  the  active  promoters  of  certain 
genes,  such  as  the  RAR^  gene.  Assembled  on  activated 
promoters  may  be  some  of  the  factors  needed  to  trigger 
apoptosis,  including  the  transcription  factor  p53.  Of  interest 
is  the  recent  identification  of  HMG-1,  which  is  known  to 
bind  to  cisplatin  adducts,  as  a  specific  activator  of  p53  (41). 

The  differential  toxicities  of  various  platinum  drugs  may 
therefore  be  related  to  their  respective  abilities  to  mimic  or 
disrupt  chromatin  structures  critical  to  transcription.  Further 
studies  will  be  required  to  determine  to  what  extent  the 
observations  made  in  this  study  extend  to  other  promoters 
and  to  other  DNA  damaging  agents. 
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